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VOI.UMI. fill. NUMI)I:B (I 
•HYSICAL  REVIEW  LETTERS 9 FEBRUARY 1998 

Water Temperature Dependence oiSingle Bubble Sonolumlnescence 

-r   / ^    SL^" ,Hil*<rnfcldl-t D«"«f Lohse,1 «M Willi,™ C Moss1 

**""" t,""»w« W"'«~/ l^N««^. livens,. GrfiJhrm. W550 
(Received 22 September 1997) 

11K  strong dependence of Ihc  interni» of ri-,1. i-y^ M_J__I_~H„ ,cnc . 

fACS nwinhrt.   7Rft»Mq 

OIK of ihc ic.iiaikable fcalmes ..| single bul^lc 
sonolumincscciKe (SHSL) |l.2| i, ,tK sensitivity „, 

II« lighi <r».i^kM. to ll* water temneralure esperimen- 
tally round hy the UCLA group |2.J|: cf Fig I To 

obtain Ihc« resulls. Barhcr rt at. proceeded as fo|. 
"••ws (Reis I2.V5II: Wale, was cooled lo . Icmpcra- 

lu.c ol 2 5 -C and c.Mi.plclcly degassed.   A« air pressure 
,'vc'l'c' S" T""  cor.rsp,H.ding I,, ah.« 2(1* ..I gas 
saluialum. „as adjusted aiK| s,mAm„inCKm:v (SI ) c«. 

fKiiiiiciiis »,•«■ priloiiiml. »illat 2.J-T IIK-II the V.«« 

«US healed I.. 2(1 X umW icadjusliug tlic gas conccn- 

nation, and Ihc SL e.pcrimenl was repealed. Finally Ibc 
Umt "'«-«"-nKnl ™ performed after healing Ihc water 
to SI C. Al all ihm lcii.pcralu.es. ihc forcinc ptcssurc 
amplitude /'.. ..I ||K d.iving sound ,icW WM ^jj0MrJ „, 

.«del I,. give •uasiu.u«, ligh. intensity, «hilc maintaining 

hiihhlc stability again« liajmculalion (,<„/./> SLl Ac- 
touting I..|IK■••«:il<-|l:ill,il,H»"\l„,.,„  r~    i..l»...    Ill   .. 

strong huhhlc collapse results in • satisfactory fit with ihc 
physical values for a and %;. 

Because of lite complications in ihc lils of Refs p s\ 
the resulting data should he read with some care. This is 
also reflected in Fig 3. where we display (he data fro«, 
these two references for ll« expansion ratio (ma.imum 
radius «r. divided hy „•„,: «Vy slww large deviations 
at otherwise unchanged parameters. 11« e.pansi.», ratio 
Is a quantity closely iclatnl lo the violence of coHansc 
and tlK-ichHc. |H.S«|„a|,|y. ,0 ,(.. „w,Ki,y ,,, r 

concentration and light emission HI ll is therefore 
puzzling that the same light inlcnsily has been observed 
m Rcfs. |2..1| in spite of the diffnent espansion ratios 
reported in Fig. J. 

The iciilial claim of this paper is that ihc observed 
dependence on ...net lctiipcr.iiuie 7 i„ ngs 1-1 ,-,„ 
be KciHintcd lot hy llic r .V|«:iKlence ..I ihe ...aie.i-,1 

H 

I 

The acoustic emissions from single-bubble sonoluminescence 

,^^,""2 """7 M Ha"ai- ROb'n ° O"*"* «<"-—«>" A. Cmm 
w*am C Moss 
l^„„, t..,«~,*„„^,L*..„,„.„ ,.„ »„,,», i„„™,„ c^„^ wlw 

Ronald A. Roy 
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PHYSICAL   REVIEW    LETTERS !6 M.uuii I'J'JS 

Influence of Resonant rr Radiation on Gas/Liquid Interface: 

Can It Be a Quantum Vacuum Radiation? 

Miroslav Colic11-' and Dv-ain Morse' 
RAD OmsionZPM ,„,-.. 5770 Thom^oJ Dr,„. S,„,r C. Colela. C„l,f,„„ia 91117 

Mahals ftp«*,,. 77,, oWerorv „/ California a, Sam., Barbara. Sama Harhara. California 93106 
(Received 5 September 1997) 

viiT.rJ;lCnCe; ""°T C"":"i0" °f "" iKn'"<','"S -«'" «"i* '•« kHt ultrasound, produces 

In^*ete t?n     '       ""I'-    rACCOrdin8 ,0 "* <,Uan'Um VaCUUm "*"»"•" ««*' «f — 

Le^nn-™„, y °f "* efrCC'S °f hishl> TOOni"" "<">"KnT>al rf described in >his 
U«er and sonolurninescence suggesls that quantum vacuum radiation might indeed be ,he mos, feasible 
model (o explain both phenomena.    |SO03l-90O7(98»5506-9) 

PACS number«  71.60. Ya 

The concept of treating the gas/water interface wiih 
different stimuli to produce unusual effects has received 
considerable attention in recent years due (o significant 
interest in the sonoluminescence phenomenon. Sunolu- 
mincscencc 11-31 is an emission of light .esulting from 
resonant ultrasonic treatment of water conlainins bubbles. 
The generation of visible light from 24 kHz ultrasound 
is an amazing amplification in frequency of 11 orders 
of magnitude. Interestingly, while the duration of ultra- 
sound pulses is in niiciosecouds, the emitted visible |jghl 
pulses burst in picoseconds [l|. The mechanisms or the 
sonoluminescence phenomenon are still largely unknown. 
Ebcrlcm recently proposed a quantum vacuum radiation 
theory of sonoluminescence |4| which predicts that an os- 
cillating electromagnetic field lEMF) strongly inlluences 
the hydrophobic gas/water interface. In this model the 
two tnlcifaccs with different nolaitzahiliiies ,„-«.-,   .,„1 

and surs ived freezing, thawing cycles or boiling in a closed 
container. It was also realized that careful outgassing of 
the water solutions resulted in the lack of any measurable 
EMF effects Atomic hydrogen seems to be stabilized in 
a hydrophobic hydration cage of argon or carbon dioxide. 
Sonoluminescence phenomena also cease to exist in the 
absence of noble gases or carbon dioxide [3|. Outeasscd 
water has to be sparged with gases containing either a 
small amount .if uiihlc gases or caihon dioxide to HMKIIICC 

sonoluniincscciicc „, EMI- cllccls on the gas/liquid inter- 
lace Our preliminary experiments even identified delayed 
rf emissions upon cessation of primary rr treatment (un- 
published data). The association of two hydrogen atoms 
into a hydrogen molecule radiates 20 cm wavelength rfs. 
This is the frequency (hat radio telescopes arc programed 
to idemily. Others have noticed that the presence of water 
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'hysjcal Acoustics Summer School -1998 
(i-i) 

Kweag^JS.'awKgg«; » 

Sensor Physics: 
Signals and Noise 

Thomas B. Gabrielson 
Applied Research Laboratory 

The Pennsylvania State University 
P.O. Box30 

Slate College, PA 16804 
(814) 865-1370 
tbg3@psu.edu 

icpustics Summer School - 1998 (1-2) 

Sensor Physics: Signals and Noise 

Introduction 

Equilibrium-Thermal Noise 
Relation of fluctuations to dissipation 
Total-energy methods; frequency distribution 
Examples 

Shot and Nonequilibrium Noise 
Basic theory 
Molecular collisions 
Metals and semiconductors 

Sensor Calibration 
Reciprocity calibration 
Bessel-null methods 

Summary 
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coustiai SummerSchool -1998 (1-3) 

Fluctuations and 
Noise in Thermal 

Equilibrium 

(1-4) 

1 mm 

Given an initial displacement of 
1 mm, how long will it take for the 
amplitude to decay to 10"8 mm? 

(A 10-8mm amplitude is 
equivalent to an applied 
acceleration of0.5micro-g's.) 

Applied Rvsirch LMbormtory - Penn SUt« 
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Tesbnaiit Systems: Q (!"5> 

(1) 2ff times the number of cycles required for energy to decay by e-/; n times the number of cycles 
for the amplitude to decay by e1. Alternately, Q = xN/ln(x) where A'is the number of cycles for 
the amplitude to decay by a factor of x, 

(2) Ratio of the resonance frequency to the width of the resonance peak. The width must be measured 
as the full width from one half-power point to the other. 

(3) For series-connected elements: the ratio of mass reactance (or stiffness reactance) at resonance to 
the resistance. For parallel-connected elements: the reciprocal ofthat ratio. 

(4) 2n times the energy stored in the system divided by the energy dissipated per cycle; 2n times the 
resonance frequency times the stored energy divided by the power dissipated. 

(5) The reciprocal of 2 times the damping factor; the reciprocal of the loss tangent. 

(6) If the damping is high (smalt Q), the resonance is isolated from other resonances, and there is no 
other mechanism to generate a changing phase, the Q can be determined from the rate-of-change of the 
phase (in radians per hertz) at the resonance frequency; 

Q 
fo(Jl) 
2 U/J, 

^f^stems: Q     ;       • (1-6) 

(7) From a curve-fit on an HP3562 dynamic signal analyzer; the curve-fit produces a conjugate set of ■ 
poles, fr +/- ifh for a resonance peak. The resonance frequency,^ and the Q can be found as follows: 

• /. = 77f~+ f2 * / 

Q = —ffF~~7? * — 2/,      ' If, 
where the approximations are valid for large Q. 

(8) Dnve the system with a square wave and observe the ringing at the edge transitions of the square 
wave. If the peak-to-peak amplitude of the first half-cycle of the ringing is a and the peak-to-peak 
amplitude of the second half-cycle is b, then the damping factor is: 

J      _ ln(a/b) 
2ß ^W{alb) + 7t2 

Note: The equivalent noise bandwidth of a simple resonant system is: 
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ter^natnjcsfor Damped Mass-Spring (1-7) 

m'x + Rx + kx = 0 m'x + Rx + kx = fn(R,t) 

^Dissipation Theorem: (1-8) 

If there is a path along which energy can flow from a system to its 
environment, then energy from the environment can flow back into the 
system. Dissipation is a measure of the energy that leaves the system (either 
as ordered energy in the case of radiation or as disordered energy in the case 
of damping); thermal fluctuations are a measure of the disordered energy 
that enters the system from the environment. In thermal equilibrium, the 
presence of dissipation guarantees the presence of fluctuations. 

SVSVSM ^»N*:     Mechanic«! 
§ss$s, Stm^       Damping 

Thermal 
Radiation 

Acoustic 
Radiation 
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^E^üüibrium Thermal Fluctuations (1-9) 

Total Energy 

Each degree-of-freedom of a system has a "thermal" energy of 1/2 kBT where kB is 
Boltzmann's constant (1.38 x 10"2]joules/kelvin) and Tis the absolute temperature. 

This thermal energy associated with each of the components of kinetic energy (1/2 m»/, 
1/2 mvy', 1/2 mi1,1), spring-potential energy (1/2 kx*), rotational kinetic (1/2 lap), capacitive 
(1/2 CV), etc. 

A molecule in a liquid has fr» mvl     = k„T 
2 2 « 

A ball-bearing in a liquid has >■       - mv1     =     -k   T 
2       " 2 

An atom in a solid OR 1        , 1 
A mass on a spring has ^"     n ~     ~    ß * 

[The velocities and displacements indicated above are mean-square values; they represent 
an average of the actual fluctuating velocity or displacement.] 

wS£evels . (i-io) 

kBT at room temperature: "   0.025 eV 

hf for visible light: 1.5 - 3 eV 

acoustic wave (100 uPa in air): 0.4 eV/cm3 

acoustic wave (100 uPa in water): 30 ueV/cm3 

chemical bonds 
covalent: 4 eV 
ionic: 2 eV 
hydrogen: 0.2eV 

(leV   =   1.6 x 10-'9 joules) 
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täensirigfofGravity by Protozoa (Ml) 

Loxodes striatus 

proof mass, m = 45 picograms 
range of mass motion, L = 3 um 

sensor's potential energy = mgL 
sensor's thermal energy = kT 

mgL/kT  -   330 

(reprinted with permission 
from Ref. 1) 

If linear dimensions of sense organ were 
reduced by a factor of 4, then mgL/kT = 1 and 
the organism would be unable to distinguish up 
from down! 

1. Fenchel and Finlay, -Geotaxis In the ciliated protozoon Loxodes.- J. Exp. Biol. 110. 17-33 (1984) 
2. Fenchel end Finlay. The structure and (unction of Müder vesicles in Loxidid dliates.- J. Protozool. 33.69-76 (1986) 

Applied Research Laboratory - Penn State 

'ields by Bacteria (1-12) 

magnetite 

(reprinted with permission 
from Ref. 2) 

magnetotactic bacterium 

magnetic dipole moment, M = 1.3 fAm2 

magnetic flux density, B = 50tttesla 

sensor's potential energy = MB 
sensor's thermal energy = kT 

MB/kT 16 

1. Frankel. Blakemore. end Wolfe. -Magnetite in freshwater maonetotactic bacteria.-Science 203 1355(1979) 
2. Blakemore. Fnjnkel. endfMnvjn. -South-seeking magnetotactic bacteria In the Southern Hemisphere." Nature 286. 384 (1980) 

Applied Research Laboratory - penn State 
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jßüilmu^^hermal Fluctuations (1-13) 

Distribution of Energy 

The distribution of thermal energy is given by Nyquist: 

Fn       -     4 KB T ^mechamcal "f 

V;    =   4kBTReleclricaldf 

R is resistance: force per velocity for mechanical resistance, volts per ampere for electrical 
resistance. In general, the real part of the relevant impedance is used for R (which may be a 
function of frequency), ^fis the increment of bandwidth. 

Since the noise power is distributed over frequency, the noise is described by a power 
density (watts per hertz), or an amplitude-squared per hertz (newtons- per hertz, volts' per 
hertz), or an amplitude per root hertz (pascals per root hertz, meters per second per root 
hertz). 

[The factor -lkeTis about 4xlOJI at room temperature. These expressions are valid if A/« 
kBT where A is Plank's constant. At room temperature, this means that/must be much less 
than 10" Hz] 

juivalent Signal What level of signal doe's the noise mimic? (1-14) 

ACCELEROMETER     fa PRESSURE SENSOR 

(microphone) 

Set noise to zero and solve for signal response: a = g(z) 

Set signal to zero and solve for output due to noise:   zn = h(FJ 

Calculate noise-equivalent signal: an = gfzj 
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'^^^w^alent Signal 

Accelerometer 

(manf    =    AkJRdf 

(1-15) 
msrnamsss!^^x,%^: 

a]ldf    =    4kBT~ 
m 

4kDT 0)r 

mQ 

Pressure Sensor 

(p„A)2    =    AkJRdf 

Plldf   =   ^kj~   =    AkJ 0)Q m 

"tMiwh of Noise (1-16) 

Frequency 
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M^MMssociätedwith Radiation (1-17) 

Spherical wave (spherical source): 
"■     it kr-ml) 

p   =    — eK       ' 
r 

Compute radial particle 
velocity from Newton's Law -Vp 
in fluid: 

=   P 
du 

dt kr) pc 

Mechanical radiation 
resistance (ratio of force 
to velocity): 

z   =   Ed   =  pcA\  (H 
u. 

kr 

1 + (kr) 1 + (kr) 

Radiation resistance for a point 
source (A = 47rr2): ^{zJL, -» pcA(kr) 

„   Pf*    A2 7t A 

Pressure fluctuations associated 
with "loss" by radiation: Pn 

"       A2 AkJn-^-df 

ssociated with Radiation (1-18) 

Start with a rigid-walled box, side = 2L, 
sensor in the middle. 

Modes have max pressure at 
walls and at center: 

COS(/äX/L), cos(m7ty/L), cos(n^z/Z.) 

Wavenumbers are then: 
kx = ML, ky = mn/L, k. = nn/L 

(spacing between k's = x/L) 
and k? = kf + y   + kj 

Cell "volume" in &-space is (n/L)3 with one /t-point per cell. 
Each mode gets kBT (1/2 for kinetic, 1/2 for potential) therefore, 

k-space density of thermal energy   =  kBT(L/x)3 
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WSm^äääed with Radiation (M9) 

Energy in dk is energy in a spherical shell between k and k+dk. 

Volume of shell in £-space = (4rf3)[(k + dk)3 - k3] 
= 4nkl dk  for smal 1 dk. 

Therefore, dE = kBT (Un)3 4nk2 dk,   or, since k = 2itf/c, 

dE  = 32x kBTL3Pdf/c3 

Divide by the spatial volume,^/./, to get the true energy density: 

S   = 4n kjf2df/c3 

Another way to write the energy density is    £   =  p2/pc2 

so the pressure fluctuations associated with the radiation are given by 

pi    =    AkBTK-^—df 

ivith Radiation 

Spherical Source: -^{Zrad}    =    pcA 

Circular Piston in Rigid Baffle: &{Zrad}     =    pcA 

Pn2A 

(kaf 
1 + (kaf 

(1-20) 

4kBTpc 

Jx(2ka) 
ka 
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he-Simple Accelerometer (1-21) 

R 
kj-    Lid 

T77 
_T 

T. 

v,  f a 

mc R 

-<-VYV-> , 'WW- 

(D       "i"  ^== 

[Impedance Analogy] 

SYSTEM 
RESPONSE 

CO 

a> 
>2 

-l-y 
f ^ 

v<y0/ 

Mini Noise in a Geophone VELOCITY TRANSDUCER 
(1-22) 

a. 4**7^° 

'■out 

mQ 

=    const. * (vc - vm) 

=   4kBT 
COr 

0)  mQ 

For the simple accelerometer, (vc - vj/vc is proportional to a? below <a„ and is constant 
with frequency above tu0. The noise velocity (referenced to the case) is proportional to ox1. 
Therefore, the output noise voltage (!) is proportional to cobelow <a„andto or'above 0)0. 

(1) 
(2) 

The equilibrium-thermal noise associated 
with the electrical resistance in the sense coil 
produces an output voltage noise (2) that is 
independent of frequency: 

j4kBTRt coil 

The total noise is the square root of the sum of the squares of the individual components. 
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^^Sg^Npise Evaluation 

Ultra-Low Self-Noise Measurement 

Measurement of molecular agitation of 32-gram proof 
mass in geophone. (Approx. 1 nano-g per root Hz) 

> 
UI 
CO 

o  o.i z 
LU 
O < 
o 

20 30 40 
FREQUENCY (Hz) 

•-M- 

-:--<-- —:- - * - -;- - 

':! 

-\-\ 
■H- 

q:: 
"'t' "i" 

"T"V" 

"r'li F:i^ I :i:l:: :r: ::X: 
- 

'.?.: ::r"3:: 

:| PREDICTION fa f" ] 71 ":"" 1" 
1      ' '     ' 1     ' ■ * —i—»—i 

(1-23) 

mwmmj gwe j« Tiber-Optic Sensors 

<r~ light 

optical 
fiber 

A/o/se associated with- 

• Damping in spring-mass system formed by 
fiber and proof mass 

• Optical scattering from thermally induced 
fluctuations in optical properties of fiber 

• Optical scattering from impurities and 
density inhomogeneities frozen in during fiber 
manufacture 

(1-24) 
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Equilibrium Phase Fluctuations in Optical Fiber 
(1-25) 

sisasa6aKsa!äS53!aijii!*398 

O2 4^7*/ 

«(0) 

dn 
—   + 

n dL \
2 

dT        LdTJ 

+   (^71.2^) 

Hsif)] 

#(/%/,)    >   1 + 4(8JamJ)* 

L   =   fiber length 

A0   =   optical wavelength 

n   =   index of refraction of fiber 

a,  =   fiber radius 

a„,  =   optical mode-field radius 

tf,  =   thermal penetration depth in fiber 

K   =   thermal conductivity in fiber 

<D2 
JL                                                     /.    =   V 

• Wanser, et a(.. Optical Fiber Sensors Conference. 
Paper W3.4, Florence, Mary, May19S3. 

■  Wanser, Electronics Letters, 2«(1). 53.1992. 

• Glenn, IEEE J. Quantum Electronics 25(6), 1218.1989. 

^Sm°keRatio: A Useful Theorem (1-26) 

The signal-to-noise ratio at the output of a linear circuit 
does not depend on the value of the output load. 

i s A 

r 1 

z 
B o— 

Analysis of complicated circuits can often be simplified 
by setting the output load to zero and calculating the ratio of 
signal current to noise current. 
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wMQis&Räfioand Feedback (1-27) 

The effective Q of a system can be changed by adding feedback. Positive 
feedback increases the Q; negative feedback decreases the Q. 

Can the noise of a system be reduced by adding feedback? 

 O ^O 

o^O 

B a^2 

B 
<Wl 

Not this way! 
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hysical Acoustics Summer School -1998 
(IM) 

Shot Noise and 
Non-Equilibrium 

Noise 

MZ: -Question #2 (II-2) 

1 mA 

• Measure the spectral density of 
the voltage noise across a 10 K 
resistor. 

• Put 1 mA DC current through 
the resistor. 

• By what factor does the noise 
voltage increase? (Ignore 1/f 
noise.) 

Applied Research Laboratory - Pann State 
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äSIiotNoise (11-3) 

Given a current consisting of impulses:        ut\ 

1(1)    =    qj^SO-t,) 

Expand current as a Fourier series: 

/(/)   =   £[fl4cos(2a/t/) + itsin(2;r/;0] 

where 2rr 2g^ 
a*    =    - J/(/)cos(2a-/t/)rff    =    -££ COS(2,TAO 

(The period, 7', is long enough to encompass many (N) events.) 

One component of the expansion covers a band of A<p(= 1/T). The mean-square 
value in that band is: 

'»    =   °l cos2(2xft t)   +   A,2 sin2 (2*/,/)   +   a, 6,/cjjjtfsinö   =   -(*<+*») 

^t Noise 

»/.I 2?2 

(^+tf) = f-I(cos,MO + ««,N,0]' + 

(IM) 

2?2 

^J£[cos(2,ry^os(2Ä^^^^ = 2g
2 A' 

The second summation is zero only if the impulses are statistically independent. 
If the events are not independent, then the cross-terms must be evaluated! 

(For independent events, the mean-square value ofbk is identical to that of ak.) 

Since /   = qN 
and A/   = 

Applies to processes consisting of events that are: 
(1) impulse-like 
(2) independent 
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fogggsic Shot-Noise Experiment (II-5) 

" Resistance bridge connected 
to gate permits noise measure- 
ment of input resistance with and 
without current. Bridge rejects 
noise introduced by the battery. 

4.99K 

2N4338 

SV-100V 

324 >     68K , 

-O   +9V 

0.1M 

470K 

-AAA/V- 

LF411 

+" 
27K 

-AWV- 

1) Bypass power connections 

2) Use copper ground plane 

3) Do not substitute parts 

#0&®m ^^M^M?"4without Current Flow (II-6) 

I      10 
a. 
> 

1 

m I    A 

^    0.1   **^öK3^*W<AvrtW«MU^ 
CD R 

SHOT NOISE 
(PREDICTED) ' 

CD 
ro 

75 
>   0.01 

«»rix^MJtiniM^^m» 
JOHNSON 

NOISE 

1000 2000 3000 4000 5000 6000 

Frequency (Hz) 

A: Current flow (V0 = 200*kBT/q) 

B: No current flow 
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etli^oTiCollisions        FREE-MOLECULAR FLOW     (11-7) 

€ rate of change in momentum of a molecule 
\ i Force  =   2J \ initially traveling to the right and hitting the f 
v disk from behind ■* 

(molecular flux) (momentum change per collision) 

A ( vx - x )   •   2 m(yx - x ) 
n 
2 

nmv] A   -    2nmvxAx   +   ntmx) A 

PoA      -      K,echx 

K*ch 2nmvrA 

leguiar«liöllisions        FREE-MOLECULAR FLOW (II-8) 

p2 = 4 
_    UBTRmechdf 

%nmkBTvxdflA 

nkBT 

2v_ 

pi    =    2[2mv]^df 

Looks like a shot-noise expression! 
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jgjjffiäjized Forms for Shot Noise (0-9) 

mean-square 
fluctuation in 
flux density 

electric-charge flux density: 

photon flux density: 

momentum flux density: 

quantity average 
per flux 

carrier density 

il 

li  = 

pi  - 

[bandwidthj 

_        [area I 

2[q]J0Af/A 

2[hf]l0Af/A 

2[2mv]P0 Af IA 

Pressure-fluctuation noise power is 
proportional to STATIC PRESSURE 

SB*; mmpact Noise (11-10)' 

Equilibrium thermal fluctuations in-force (Nyquist): 

F„2    =    4kBTRMECffAf 

e.g., Stokes'flow (disk, radius a):        R-MECH    =    16 JJ a 

p„    =   4kBTl6r]a/A 

Pressure-fluctuation noise power is almost 
INDEPENDENT of static pressure 
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IMlMMlSzMfflÜCtNöise (ii-ii) 

The shot-noise form requires that collisions be INDEPENDENT. 
As long as the mean-free-path is smaller than the disk radius, the 
molecular collisions are highly DEPENDENT. 

Add some kinetic theory: P0  =  nkBT 

rj   =   nmv (mjp) / 3 

(Pni2) / (Pn22)   = 3K/8 (radius) /'(mean-free-path) 

Prf 
mfp = radius 

P. 

mmmwmM, ̂ onÜuctors (11-12) 

FERMI 
LEVEL 

Carriers (electrons) are highly correlated 

Noise is independent of flow volume (current) 

il    =   (4kBT/R)Af 
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fqjs'ein Semiconductors (11-13) 

M- M. 
CONDUCTION BAND 

FERMI 
LEVEL 

Carriers (holes or electrons) are independent 

Noise is dependent on flow volume (current) 

'«    =   2^/0 A/ 

r-T--i--i--r 

r - T - -i - 

. J__*_ _*. 

'H""f"!"!"t 
.J-_"__t_l_J_  _I_. 

-_•..<.___ 

-M- 

-r -1 - n- -i- -r - T --- -»- -«- 
_ •    ^    •    i 

~ lc r-r-r-r 
-.  A,.,   j_ j._c* _ 

- -r - T - -j- "v -r - r - 

"%^--r- 

->--.--<-----.-- 

.J__i._t._i. 

-r - T - 1 

.L_:.j.j 

._•__«.,*_j_ _*__*.. 

•-i--t--r-T-i--,--r' 

-r - T-1--I-- 

. (II-14) 

rk 
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r:-H--ri-rr-r-H-T-f-:^-f-r-i-1-^ 
j.-}H--:-^-i-^+-WH-+-*-M--:--}--tH-- -*r- 

i 
;;;;;;;;';;;•;;<•■- 

; •   *   i   •   •   I   •   I   I   »   I   !   !   *   I   •   \   !   1 
<    •    •    i    ■    i    <    i    *    •    t    *    i    i    t    i    ■    i    i 

-„t.- ri-f f !TT-rti-f-r-l-i-f-'^ i-i 
;   ;   |   ;   ;   ;   ;   ;   ;   ;   ;   j   j   ;   ;   ;   ;   ; 

- -k . 

v ,    ,    ,   'V'-r-. -|—;—r—;—r—;—r—i—.    i    ^. 

-J--«__k_i.J.^__U_A.J.^__t..A_J.«.i_.k-A-J_J 

r-H-rrrvTri-rrri-ri •:•;■"!" 

k_A_J_^_.«._A_J__«__tJ..A.J.J_.t.-A-J-_k.-k,_A_J._ 

r-T--i--.--r-T--i--,--r-r-i--«--r-T-'i--I--r-J--I-- 

- -p- 

_ .k - , 

- T - 1 

-^--i--r-t--i--,--r-T--*--i--r-T-*i--i--r-f--»--i 

_J_-«__k.l.J._i. -k_l_J_J_.C_A.J._«_..C.»-J__» 

-n--i--r-T-T-i--r-r-T-i--r-r-i--i--r-T-T-i 

f^nt fluctuation (dß (H-16) 

1.5 

(0 
Q. 
3 
O 
°     OS o 

Normal Metal  (E,= 7 e V; kBT = 0.025 eV) 

f 

Conduction r- 
Band       !""__« ^    y ß/ 

Valence     ||^#*^>&''^3^M'': 
Band       ^^^K^'^^PSlS 

/ E-E, 

3 4 5 

Energy (eV) 

i # 

oE 
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iJMäiMtßMü and Fluctuation (df) (H-17) 

3E-09 

O    1E-09 

OE+00 

*(w*i*dss;äss*»rv-' 

Semiconductor  (Ef=-0.5eV; kBT = 0.025eV) 

f    - 

0.05 0.1 

Energy (eV) 

0.15 0.2 

■mmmm, 'Wm>f4pplied Voltage 

AV 

-0<F 

(II-18) 
es^ms&SK-twswa« 

/ IR 

h * T 
4K 

/ = 

7
ä    =   IF e 

qAV 

177 

AT 
"7T 

il    =    2qIRdf + 2qIFdf   =   2qIF 

qb.V 

>t    =   2 
qAV 

R 

( qAV\ 
l + e k.T 

q AC df 
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[jVgise'as a Function of Applied Voltage (11-19) 

For   qAV  « kBT i2n 

For   qAV  » kBT 

R   \qLVIkBT) *    R 

'.    ~>    2l-(l)#    =    2«7/# 

Example from measurements hi 
search of fractional quantum 

■E:..;" Hall effect 
"anuHBanmnmssaB 

Samtnadayar. Glailli. Jin. and Etiennc, 
Phys Rev. UU. 79. 2526(1997) 

7,3 

7,2 

, Shot Noise 
'        for q/3 

0  100 200 300 400 500 600 

IB(PA) 

Johnson Noise 

Wt Noise (11-20) 

Suppose the current is a random 
sequence of non-impulsive responses: 

l(t) i 

This current can be produced from a 
sequence of impulses: 

2>o-<,) A0 

/,(-/; 

5>-',) V 

If the power spectral density of the sequence of impulses is sn
2(a>), then the power 

spectral density for the current is: 

/„»    =    sl(co)\H(jco)\ 
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if^'«-v«.*if.-is«*..-* 

liMM9^S(Single.Characteristic Process) (11-21) 

For example, if the current is produced by random events and each event has an 
exponential decay (with time constant, 10): 

l{t)   =   £*(/-*,) h{t)   =   e-'"'U(t) 

then the transfer function in the frequency domain, H(ja>), gives the spectral shape 
of the noise power: 

\H(jco)\ t'n 

IP (a) 

1 + coU 2 tl 

Mn 

mmmmm • -1 

yipjle CharacteristicProcesses) (11-22) 

If there are many processes that can be triggered by the random impulses and 
each process is exponential with its own unique time constant, then the spectral 
distribution of the noise power can depart significantly from either white noise or a 
1/f power distribution. This may be the way 1/f noise distributions are produced. 

HP(m) 

/-' ?? 

m,      i/t2    i/t3      i/t4   i/ts i/t6 
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^l7f>Notee:*A Brief andInadequate Introduction (IN23) 

MANY physical processes produce fluctuations with a power spectrum 
that goes as 1/f. 

The noise power in excess of the equilibrium-thermal fluctuations is 
associated with power input to the system that drives the system away 
from equilibrium. 

Observed 1/f noise can extend over many decades in frequency. If the 
multiple-exponential-process model is correct, then there must a 
correspondingly large spread in process time constants. 

The integral over all frequency of a 1/f power distribution is infinite so 
there must actually be a lower limit to the 1/f behavior. This means that 
there are at least two free parameters: the total fluctuation power and the 
lower frequency limit. 
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^^^^l^comtics SummerSchool-1998 
.(ni-i) 

eia 

Reciprocity 

-o 

e   =  A i + 5 v 
/ =   Ci + Dv 

If B = C then the device is reciprocal: 

e) (f 

(III-2) 

Reciprocal transducers: 
electrodynamic (moving-coil) 
piezoelectric 
capacitive (small-signal) 

Nonreciprocal transducers: 
piezoresistive 
electron-tunneling 

58 



(III-3) W&eiprocity 

If B = -C then interchange the roles of the 
variables on one side of the device. 

I  r\.. ._  1  \J 

e 
O    1 

e   =   Ai + B/ 
v   =   Ci + D/ 

\J o 

A  = (AD-CBJ/D 
C = -C/D 

B  = BID 
D  ---  1/D Therefore    B = C 

If B does not equal either C or -C, then the device is 
nonreciprocal. 

(IIU4) 

If a device is reciprocal, then the ratio of the output potential to the 
inputyZow is the same regardless of which port is taken to be the input. 

For example: 
R, L/ 

-A/WV- -O 

R2 

e,   =   (11, + RJi, +R2i2 

e2   =        R2 i,   + R2 i2 

-O 

-    R2 (A transfer impedance in general.) 

Reciprocity does NOT depend on the device being lossless. 

Reciprocity does NOT mean that 
voltage ratios are identical. 

10 v 

<z IV 
IV 

T2> 
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ImimmßtMration SSStPäaSsSsfeSst,^«; (III-5) 

Given a transducer (not 
necessarily reciprocal): 

What is its response? 

Receiving response: 

Transmitting response: 

a 

ß   = f 

It is often inconvenient and inaccurate to directly measure 
forces and velocities. 

(III-6) 

Use three transducers: a source (S), a receiver (R), and a reciprocal 
transducer (T). Altogether there are four unknowns: aR, a7, ßT, and ßs. 

Connect the transducers through a known transfer impedance and 
make the following measurements: 

^xfer R 
-O 

o- 
"Ver 

-o 

-xfcr R 

ISR1     =    eRl/'hl 

[ST]   =  eT2/iS2 

[TR]   =  eR3/iT3 

This gives three equations for the four unknowns. Reciprocity provid 
the fourth equation and allows solving for all four responses. 

es 
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'^^procity Calibration (III-7) 

"Ufer 

"*xfer 

"*i:fer 

Reciprocity gives the 
relationship between aT and ßT: 

R 

R 

"°       [SR] 

°       [57-] 
-O 

"°       [TR]   = 

-xfer 

1 

1 
7 

■<*R0S 

aTßs 

aRß1 

o- 

U-o -    =    ßr± 

f 
a 

       =     OT   / z0 

= A 

ap'Calibration VACATIONS (III-8) 
KWSSfSfiMSäö«»! 

a) Measure currents by measuring voltage across a resistor. Resistance and 
voltage ratios are easier to measure accurately than absolute voltages. 

b) Set is, = iS2 and adjust ;n so that eR3=eRl. This produces the same field 
at the receiver location for each measurement and also permits the use of 
source and receiver that are not linear. 

c) If two reciprocal transducers are available, measure the reciprocity 
explicitly to check the transducers and apparatus. 

d) If two "identical" reciprocal transducers are used, then only two 
measurements are required. 

e) In some circumstances, only one transducer is required: (1) excite a 
lightly damped system and measure response during decay, (2) transmit a 
pulse and measure a reflection. 
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MmmSlitfriibration EXAMPLES (III-9) 

Free-Field 

a    = 
^, = 0 

7 _      A A 
U. Ana2u, 

«,    =      1 + 
yW 

A   ~    _P\_ 
pc   ~    /yt^c (for to «1) 

Since 
Ei = 

e^:^ 
■jka 'xfer       —      J e 

-Jk{r-a)Pf 

2r 

t&cifi! Calibration EXAMPLES (HI-10) 

Microphone Pressure Tube 

a   =   (- 

^xfer 
Pi   _   r ^o 

• /£  

/     v     * 

Traveling-Wave Tube 

''xfer 
Pi     ^    yoc 

Ut A 

21 
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^Reciprocity Calibration EXAMPLES (111-11) 

Rigid-Walled Resonator 

Energy stored in tube, E: 

E   =    PE+KE   =    \\\PS *\^\Adx 
PJAL 
2pc2 

Energy lost per cycle, AE   =   Energy supplied by driver per cycle: 

AE 
power ^v, pxAvx     _    p0Ux 

frequency /„ /„ fn 

nc _ 2nE nnApa 

2pcUx 
fn 2L        ;       Qn AE 

Ux nn A 

ijrocity Calibration EXAMPLES 

Linear Pendulum. 

(Ill-12) 

a    =   |-- 
M 

-y 
F2 

/- 

jcom 
-y /- 

Torsional Pendulum 

a - V. 
-y 

/=o 

Z. •*r       =       f       =      >Q/ 

V /*- 
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mßmmcUx> Calibration EQUIPMENT 
(111-13) 

■eawwBKsiswjsw^-wwaj'^'x^ 

^Calibration Comparison calibration using reciprocity 
(HI-14) 

acceleration   =   force/mass 

e   =   acceleration* M 

Since aT = /?r, örr    = 

where M is reference accelerometer response (V/m/s2) 
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fel^ä i'Bessel-Null Calibration (111-15) 

LASER 

*o 

PHOTO- 
DETECTOR 

NARROW-BAND 
FILTER AND 
DETECTOR 

FIBER 

esselrNullCalibration (111-16) 

Component that reflects from moving mirror: 

[l]   =    Acos(ü)0t + 2k0d) 

Component that reflects from cleaved end of fiber: 

[2]   =   Bcos(ü)0t) 

Photodetector output (square-law detector): 

PD ffW 
PD   ->   cos(2k0d) 

Sinusoidal motion of mirror: 

d   -   d0 + dx sin (#},/) 
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W&rfe!'°meter Transfer Function SMALL SIGNAL 
(III-1V) 

cos(2k0 d) 
2k0dj sin(a>,t) 

dj sin (a), t) 

fmnmTränsfer Function '    LARGES,GNAL <
I,M8

> 

cos(2k0d) 

dj sinfojj t) 

WM&-&z"&p-£??mSit?i$fti?. • 

sin[2k0d, sin(co, t)] 

//      2f,      3f, 
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hhärge-Signal Photodetector Output (IH-19) 

WssjelfrüU Calibration (111-20) 

For "large" signals then, the photodetector output at 
the drive frequency is: 

Adjust the drive level to null the output of the photodetector at 
the drive frequency. These nulls correspond to the zeros, z„ of 
the Bessel function, J,. Consequently, the displacement 
amplitude, d,, is only a function of the laser wavelength, A0: 

d,    = 
Z: 

2kn An 

(where z-, = 3.83171,7.01559, 10.17347, 13.32369,...) 
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WwPÄnenp of a Sensor System (111-21) 

ambient 
noise 

desired 
signal 
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m physical Acoustics Summer School -1998 

Sensor 

Electronics 

Supplement 

Often, but certainly not always, the noise floor of a sensor system is set by 
the first stage of electronics connected to the transducer. In the design of high- 
performance sensors, it is-important to understand the interaction between the 
sensor and the electronics. 
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pNoise in Preamplifiers 

OBSERVATIONS- 

Noise at the output of a preamplifier depends on 

(1) frequency 
(2) impedance of the sensor 
(3) gain of the preamplifier 

SIMPLIFIED MODEL: 

Eliminate (3) by referring noise to preamplifier input 

Simplify dependence on (2) by using equivalent voltage 
and current sources 

Applied Research Laboratory. Penn State 

In order to understand this interaction, the characteristics of preamplifier 
must be examined. If a measurement of output noise from a preamplifier is 
made with various sensor elements connected to the input, the output noise is 
found to depend strongly on three factors: frequency, the impedance of the 
sensor connected to the input, and the gain of the amplifier. 

In many cases, the output noise is directly proportional to amplifier gain 
(suggesting that the dominant noise-producing mechanisms in the amplifier are 
in the input stage) so, by referring the noise to the amplifier input, the effects 
of amplifier gain can be eliminated. 

Also (in most cases) the noise can be divided into two components: one that 
is independent of the impedance of the attached sensor and one that depends 
linearly on the magnitude ofthat attached impedance. Consequently, the 
amplifier can be well represented by an equivalent voltage noise and an 
equivalent current noise (the current noise being the component that produces 
the noise proportional to the attached impedance). 
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t Amplifier Performance 
at®SKtsmr&!wrt r'z;* ""■ 

(nV prH) 

10 100        1000        10K        100K        1M 10M       100M 

Source Resistance (Q) 

10G 

Applied Research Laboratory • P*rm State 

If the noise of an amplifier is carefully measured with many different 
resistors connected to the input (to simulate a wide range of sensor 
impedance), the results appear as shown above. Below some value of ; 

resistance, the noise is constant. This value is selected for the value of the 
equivalent voltage noise component. Above some higher value of resistance, 
the noise increases linearly with resistance and the equivalent current noise 
value is obtained from the slope ofthat line. 

The resistor produces noise of its own (from equilibrium thermal 
fluctuations in the material ~ Johnson noise) and for a good low-noise 
amplifier (A2), that noise can be measured directly over some range of 
resistance. A poor amplifier (Al), on the other hand, shows no such region. 
The closest a poor amplifier comes to reaching the resistor's Johnson noise is 
for the value of resistance equal to the equivalent noise voltage, eA, divided by 
the equivalent noise current, iA. The region over which a good amplifier can 
measure resistor Johnson noise extends symmetrically about the value eA / iA. 
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Applied Research Laboratory - Penn Staut 

To analyze the noise performance of a sensor-amplifier combination, the 
noisy amplifier can be replaced by a noiseless amplifier with a noise-voltage 
source and a noise current source attached to the input, (The noiseless 
amplifier still has the same input and output impedances as the real amplifier, 
though.) For most purposes, it is acceptable to treat these two sources as 
completely uncorrelated even though there may be some correlation in reality. 
In the case of complete correlation, the maximum error that can be introduced • 
is a factor of the square root of two in amplitude. 

In general, there is some frequency dependence associated with these noise 
sources. Both the voltage noise and the current noise can have a low- 
frequency dependence of 1/f in power. In addition, the current noise often 
increases with frequency above some frequency. Components and amplifiers 
intended for low-noise applications will normally have voltage- and current- 
noise spectra provided by the manufacturer. 
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\ Amplifier ^Performance 

(nanovolts 
per root Hz) 

iA  (femtoamps per root Hz) 

Applied Research Laboratory - Penn State 

By selecting eA and iA, a two-dimensional space can be constructed on 
which various sensor materials and elements can be compared to various types 
of amplifiers. A number of off-the-shelf amplifiers and discrete transistors 
suitable for sensor preamplification are shown on this diagram (with the noise 
evaluated at 1 kHz). 

JFET devices are especially suited to low-noise applications in which the 
current-noise component must be minimized; BJT devices are particularly 
suited when it is desireable to minimize the voltage-noise component. (The 
line connecting three of the symbols illustrates the performance of a single 
transistor under different conditions of collector current.) MOS devices are 
useful at ultrasonic frequencies and beyond but are plagued with high 1/f-noise 
powers that can dominate performance at low frequency. In addition, several 
micropower (upwr) devices are included since overall power consumption is 
often a critical specification in a sensor system. 

It is readily apparent that it is difficult to achieve much better than 1 
nanovolt per root hertz or 0.5 femtoamp per root hertz regardless of device 
type. Of particular note is the fact that the space is not covered uniformly by 
devices. In general, cost and power consumption increase in the direction of 
decreasing voltage noise. 
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I Noise in Preamplifiers 
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When connected to a sensor, the internally generated noise can be described 
by three components: (1) the amplifier voltage noise, (2) the amplifier noise 
current; flowing through the sensor producing a noise voltage equal to that 
noise current times the magnitude of the sensor impedance, and (3) a thermal- 
equilibrium (Johnson) noise component associated with the real part of the 
sensor impedance. The plot shown above is representative of a piezoceramic 
sensor for which the sensor impedance is primarily capacitive and for which 
the real part ofthat impedance is dominated by dielectric loss. Not shown in 
this diagram are external resistors for bias and gain as would be used with an 
op amp. These resistors produce Johnson noise and also interact with the 
amplifier noise-current source but the accounting is straightforward. Each 
noise source is considered in isolation and the results are root-mean-square 
summed. 

For any sensor, it is crucial to distinguish between the magnitude of the 
impedance and the real part ofthat impedance since the magnitude determines 
the effects of amplifier current noise (and so is a function of amplifier 
selection) while the real part produces a noise component unrelated to the 
amplifier. 
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(Equivalent Pressure Noise 
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The irreducible component is equilibrium-thermal noise internal to 
the sensor and depends on the resistive (real) part of the 
sensor impedance, Zs. 

M is the sensor response: volts per pascal in this example. 

The amplifier contributes two terms, one of which depends on the 
sensor impedance. 

Applied Research Laboratory - Pann State 

A useful form in which to examine the various noise components is in terms 
of noise-equivalent pressure. If the voltage response (volts per pascal,-for 
example) of a pressure sensor is M, then voltage-noise terms can be referred to 
equivalent pressure by dividing by M. To properly express the incoherent 
addition of noise terms, the expression above is written in mean-square 
pressures and voltages. There is an ambient noise term (pamb), a term 
connected with the internal loss in the sensor (hence, "irreducible"), and two 
terms associated with the amplifier. 

If the noise floor is dominated by the amplifier contribution, there are two 
terms to consider. In a particular situation, one of those terms may be 
considerably larger than the other. However, if it is not known which (if 
either) term dominates, then a compromise term can be introduced as the 
geometric mean of the two amplifier terms. Clearly, this is not a good strategy 
if one of the terms is much larger than the other. In the special case in which 
the two amplifier terms are of the same order, the geometric-mean term is 
useful. 
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Ißoise in Preamplifiers Designing to a specification for noise floor 

1 2 n 

PT   =   PL     +    4kJ MSJ 
w + A. + 4M 

M2"    -m: 
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FREQUENCY     (Hz) 

Applied Research Laboratory - Penn State 

In designing a high-performance sensor, the desired noise floor, often 
determined by the ambient background, should be identified. When this is 

.. coupled with the design bandwidth of the sensor, the noise components can be 
individually assessed against this noise-floor specification. Ignoring for the 
time being the term resulting from dielectric loss (term 2), the design for a 
piezoceramic hydrophone with a self noise below quiet ocean ambient in the 
band 10 to 1000 Hz might appear as shown above. At the lower band edge, the 
desired background sets an upper limit on the allowable amplifier current 
noise, while at the upper band edge, the background sets an upper limit on the 
allowable amplifier voltage noise. The respective amplifier components can, 
of course, be lower than these limits. This limiting configuration can be 
specified in terms of the intersection between components 3 and 4 given by Pn 
and/0. 
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^Noise in Preamplifiers Designing to a specification for noise floor 
^■■^■^■^■^^■■i——^———Wi Ulli I       ig^.f;: 
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Applied Research Laboratory - Penn State 

If a capacitive sensor were being designed for an ultrasonic band (100 kHz 
to 10 MHz), then the maximum permissible levels of voltage and current noise 
change as shown above. The principle is still the same. Identify the desired 
noise floor specification. Overlay the voltage and current components of 
amplifier noise adjusting eA and iA until the hypothetical amplifier is just 
adequate. A real, acceptable amplifier would then be one for which the voltage 
and current noise components would be equal to or less than these values. 
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$MeJn Preamplifiers Designing to a specification for noise floor 

Moderate-Freauencv Resistive Sensnr \ZS\    =    R 

100000 

100 1000 10K 100K 1M 10M 
FREQUENCY    (Hz) 

Applied Research Laboratory -Penn Statt 

For a sensor having an impedance that is primarily resistive (a geophone or 
a piezoresistive pressure sensor, for example), the amplifier terms (to a first 
approximation) are constant with frequency. The same analysis applies- both 
amplifier terms must be at or below the desired noise floor over the design 
bandwidth. 



[Preamplifier Performance Measures 

Noise Noise Power 
"resistance" Coefficient 

R          -      eA 
KA       ~       ~ 

lA 

eAlA 

4kBT 

JFET 1M-100M 0.0001 -0.001 

BJT 1K-1M 0.01 -0. 1 

Applied Research Ltborator} - Penn State 
man rr< 

There are two useful measures of amplifier noise performance. A 
commonly used parameter is the noise "resistance" given by the ratio of noise- 
voltage spectral density to noise-current spectral density. This is often cited as 
the value to which the resistive part of the sensor impedance should be 
matched for optimum noise performance. As discussed below, there is some 
truth to this statement but the merit of an amplifier is hot determined by how 
close its noise resistance is to the source resistance. 

Another important (but little used) measure is the noise power coefficient 
defined as the ratio of the product of the voltage- and current-noise densities to 
the thermal-noise power, 4kBT. This is a better measure of the performance of 
an amplifier than either the noise voltage or noise'current alone. The smaller 
this ratio, the better the amplifier is. However, the noise power coefficient is 
not sufficient to determine the overall performance for a particular sensor. 
Both of the above measures are necessary. (The analysis of an 
amplifier/sensor combination can be performed perfectly well using both the 
current- and voltage-noise spectral densities without reference to these other 
measures but there are some conceptual advantages to the measures given 
above.) 
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^^^ußi^Performance Measures 

For purely resistive sensor, amplifier noise does not mask sensor noise if. 

aA    <    1 and aA   < 
a 

For general sensor impedance, amplifier noise does not mask sensor noise if: 

aA       < and 
Zs\ 1 

a A    <   —   <   — 

where 
"■ A 

eA*A 

4kBTRe[Zs] 

Applied Research Lmbormtory - Penn State 

In general, the noise floor should be controlled by elements close to the 
system input. For many designs, proper selection of the amplifier can result in 

: the amplifier's noise floor being below the floor set by thelsensor itself. The 
first condition above applies to the case of a purely resistive sensor. The 
smaller a is, the larger the range of source resistance is that can be 
accomodated without masking by a particular amplifier. 

If the sensor impedance is not purely resistive, then the second condition 
above specifies the ranges of parameters for which the amplifier will not mask 
the sensor noise. This case is more complicated because the impedance is, in 
general, a function of frequency so the conditions may be satisfied over some 
regions of the spectrum and not satisfied over other regions. In a number of 
important cases, the ratio of the resistive part of the impedance to the 
magnitude of the impedance (the "loss tangent") is approximately constant 
over a range of frequency, which simplifies the determination somewhat. 

In either case, if a (or a') is less than one, there is a region over which the 
sensor noise (the component from the real part of the impedance) MAY set the 
noise floor. 
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'preamplifier/Sensor Interaction        THE IRREDUCIBLE TERM 

Real part of the sensor impedance: 

\Zs\ 1. Purely resistive sensor:         —-—-    = 
Re[Zs] 

l 

2. Primarily reactive sensor (e.g. capacitive): 
Re[Z5]          8 

3. Typical sensor: 

• electrical loss (loss tangent, S) 
• electrical loss (resistance, Re) 

• mechanical loss (Qm) 
• radiation resistance (Rrad) 

Applied Research Laboratory - Perm State 
•Ollppl 

The ratio of impedance magnitude to real part is one for a purely resistive 
sensor and is equal to the reciprocal of the loss tangent for a reactive sensor. 
Since the electrical impedance of the sensor includes the electrical equivalent 
of the sensor's mechanical elements (by means of the transduction 
mechanism), the losses and, therefore, the noise may be caused by either 
electrical losses or mechanical losses. 
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"eMnp^m^erformance Measures 
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Applied Research Laboratory - Penn State 

A number of various types of amplifiers (either op-amps or discrete 
transistors) are plotted above on the coordinates of noise power coefficient and 
noise resistance. This:chart is useful for selecting an amplifier type once the = 
sensor impedance, the operating bandwidth, and the desired noise floor are 
known. 
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Design Example Geophone array for microseismic measurements 
9«SKS*TFr?«-;'-*?*r-w5^ 

Performance with respect to seismic 
acceleration background, g: 

One Geophone 

Desired 
Bandwidth 

FREQUENCY 

One Hundred Geophones 
in Series 

FREQUENCY 

AppliedRastrch Laboratory- Penn State 

This is an illustration of the design of a geophone array for sensing 
microseismic disturbances. The frequency range of interest is 0.2 to 2 Hz. The 
curve labelled gMis the specification for self noise for this sensor. (This curve 
is produced by multiplying the nöise-floor in seismic acceleration by the 
transfer function of the geophone or geophone array. This produces an 
equivalent voltage-noise noise floor.) For a single geophone, both the 
amplifier voltage noise and the irreducible noise associated with the electrical 
resistance of the geophone coil are well above the desired noise floor. By 
connecting 100 geophones in series, however, the desired noise floor is 
achieved. This may not be an elegant solution but the result is cheaper and 
more rugged than the closest commercial alternative. 
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Amplifier Noise Specifications 

Equivalent Volta ge and C urrent Noise Values for Common Amplifiers 

 — 
!       iA 

i        r   """" 
eA eA/iA 

ohms 
6250 

314286 

I eAiA/4kT 
nVprH fAprH 

BJT LT1007 2.5 400 0.0625 
- LT1012 22 70 0.0963 

LT1024 14 20 700000 0.0175 
LT1028 0.85 1000 850 0.0531 
OP05 10 140 71429 0.0875 

- 
OP27 3 1000 3000 0.1875   OPA77 7.5 220 34091 0.1031 

CLC425 1.05 1600 656 0.1050 
(1mA) MAT02 0.85 750 1133 0.0398 

... 

(1uA) MAT02 20 25 800000 0.0313 
■     - — 

(1mA) LM394 1 500 2000 0.0313 
(1uA) LM394 20 25 800000 0.0313 "   " 

JFET LT1022 14 1.8 7777778 0.0016 
..... 

LT1055 15 2 7500000 0.0019 
J—   - 

LF353 16 10 1600000 0.0100 
.    ..   .. . 

LF411 25 10 2500000 0.0156 
   

AD743 3.2 6.9 463768 0.0014 - 

  AD744 18 10 1800000 0.0113 
- 

.... AD549 35 0.2 175000000 0.0004 
I— 

OPA111 8 0.6 13333333 0.0003 
. U401 2 0.5 4000000 0.0001 

2N4338 =   6 0.8 7500000 0.0003 
2N6485 : 7 ■ 1 700000.0 0.0004 

uPwr LM4250 50 80 625000 0.250Ö 
OP20 60 80 750000 0.3000 
OP21 20 200 100000 0.2500 ■ 

OP22 90 180 500000 1.0125 
OP90 60 700 85714 2.6250 

OP191 35 800 43750 1.7500 
OP193 65 50 1300000 0.2031 
OP196 26 190 136842 0.3088 

.... 

OPA1013 25 120 208333 0.1875 
- 

MOS CA3440 110 1.8 61111111 0.0124 
CA3140 40 1.8 22222222 0.0045 
CA3160 72 0.8 90000000 0.0036 

(chopper) LTC1052 30 0.6 50000000 0.0011 

f Motes 
1 . ea ana IA are the equivalent voltage and current noise mmnnnpnk rpCno^tivelv 

r lVprh is nar tovolts per root hertz; f/ \prh is femtoamps per root hertz. 
1         ' .. All values are taken at 1 kHz fro m manufact urer's data sheets. 
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Amplifier Noise Specifications 

3. Devices shown in italics are discrete transistors; all other devices are integrated circuits. 
4. uPwr stands for micropower (very low power consumption)                             ~J 

>5. MOS devices have large 1/f-noise components in the voltage noise. The 1 kHz values 
! cited are still on the 1/f portion of the curve. The 1/f portion of the voltage noise 
| curves for the other devices are below (and, in some cases, well below) 1 kHz. 
6. The LTC1052 (MOS) device is a chopper-stabilized amplifier (roughly speaking, 

the input is chopped at a high frequency, then amplified, then detected 
synchronously with the chopping frequency). It is representative of the 
best low-frequency performance obtainable with a MOS device. Essentially, 
there is no 1/f region in the voltage noise.       | 

7. All of these devices require biasing and/or feedback resistors. The effects of these 
resistors must be considered when determining the overall amplifier noise. 
In most cases, low-current-noise amplifiers can be designed for minimal 

i effect from biasing/feedback resistors; for very-low-voltage-noise amplifiers, 
the noise from those resistors can limit the achievable noise performance. 

—   8. The two BJT discrete devices are shown for two operating points each. One of the 
(advantages of using discrete devices is that the noise performance can be 
tuned by means of the collector (or drain) current. Throughout this adjustment 
|range, the eAiA product is roughly constant,   j 

9. Very low voltage noise is generally obtained by massively parallel emitter regions in 
BJT devices. This has two important consequences: (1) the input capacitance 
is large, and (2) the devices are relatively large. The second point is not 
important unless the amplifier must be integrated onto a chip with limited 

  real estate: for example, a single MAT02 occupies 2x2 mm. 
1 ü.  I he "noise impedance"'eA/iA is given for each device but should not be misinterpreted. 

This number is often cited as the resistance to which the source resistance 
must be matched for best noise performance. It is not, however, good practice " 

_ ,  to select an amplifier on the basis of the eA/iA-to-source-resistance match. 
If the source (transducer, for example) is primarily resistive, then the amplifier's 
noise contribution is negligible compared to the Johnson noise of the source 
over a range of resistance centered on the eA/iA value. The width of the region 
to either side of eA/iA is given (roughly) by the eAiAMkT value. If eAiA/4kT 
is 0.01 and eA/iA is 100 000 ohms, then the amplifier's contribution is less than 
the source's Johnson noise for source resistances of 1000 ohms to 10 megohms. 
It is never appropriate to "match" amplifier noise resistance to the magnitude 
of a source's impedance if that impedance is primarily reactive. 

11. The quantity eAiAMkT is the product of noise voltage and noise current normalized 
by 4 times Boltzmann's constant times absolute temperature. The product 
4kT is approximately 16 x 10A21 in SI units at room temperature. 

12. Current noise is exponentially dependent on operating temperature in JFET devices. 
The values given are generally at 25 or 30 deg. C. Significant degradation 
n current-noise performance can be expected with operation at elevated 
temperatures. 
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Demo Refrig: Uninsulated; 90 psia; 1.9 Amp; 665 Hz 
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Demo Refrig.: 90 psia He; po/pm = 5%; 665 Hz; 9/7/94 
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ilTLE:  Hofler Tube 
DWG. No:   HFLRTUBE 
DATE:   1-25-95 
SCALE:   1 = 1 
MATERIAL:   N/A 
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Quantum Mechanics Tutorial 

J. D. Maynard 
The Pennsylvania State University 

Purpose 

How are Quantum Mechanics and Acoustics related? 

• Both involve the same wave phenomena (Wave Mechanics) 

• The attenuation of sound involves molecular collisions which must be 
treated with quantum mechanics 

• Solid crystals have quantized sound waves (Phonons) 

• Interaction between phonons and electrons, effects of pressure, magnetic 
fields, light (Raman, Brillouin scattering), etc. 

• Acoustics in Macroscopic Quantum Systems (Superfluids) 

History| Events which led to Quantum Mechanics 

• Plank's theory of Blackbody Radiation (1901) 

- Due to quantized modes of a solid (phonons) 

- Not due light behaving as particles (many textbooks imply this- Plank 
did it right) 

- Energy of mode is quantized as Plank's constant ( h = 6.625 x icr34 

J-s) times frequency of mode 

2 3 4 

X (in units of 10 ~* cm) 
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Events which led to Quantum Mechanics, continued 

• The Photoelectric Effect (1905): Light causes electrons to be emitted 
from a metal 

- Emssion begins almost immediately, even for light intensity of only 
10-iow/m2 

- The energy of the electron is proportional to the light frequency v 

- Einstein: Light waves act like particles (photons) with energy hu 

- Many textbooks say photoelectric effect shows that light must act 
like particles; absolutely incorrect [Scully, Phys. Today, Mar 1972] 

- Although wrong, light waves acting like particles historically suggested 
that particles might act like waves 

_r 
To pump -*- 

M -& 

K 
Ultraviolet light 

Events which led to Quantum Mechanics, continued 

• Rutherford Scattering (1911): Electrons orbit heavy nucleus 

• Bohr's Theory of Atomic Spectra (1913): atoms emit light at discrete 
frequencies 

- Electrons orbit nucleus classically, except only at certain radii 

- The allowed radii are such that the electron's angular momentum is 
an integer multiple of Plank's constant, divided by 2n. 



Events which led to Quantum Mechanics, continued 

• Compton Scattering (1923): wavelength of light is shifted when scat- 
tered from an electron 

- Historically, gave further evidence for particle nature of light 

- Like photoelectric effect, conclusion is absolutely incorrect 

• De Broglie Waves (Ph.D. Thesis, 1924): Electron (momentum p, en- 
ergy E) is a wave with wavelength A = h/p and frequency v = E/h. 
Explains all preceding experiments, and predicts that electrons diffract 
like waves 

• Schrodinger's Wave Equation for particles (1925) [more later] 

• Heisenbergs Uncertainty Principle (1927) [more later] 

• Davisson and Germer (1927): Electrons in a crystal lattice diffract 

Myths and the Mystique of Quantum Mechanics 

• Wave-Particle Duality : Electrons may behave either as waves or par- 
ticles 

- The Law of Physics is the Schrodinger Wave Equation; everything 
must be explained in terms of waves 

- The Classical Particle picture is only an approximation (e.g. ray trac- 
ing in optics) 

- For some reason, people are reluctant to give up the notion of parti- 
cles 

• Paradoxes arise from Quantum Mechanics:   There are no paradoxes; 
they only arise if 

- One insists on giving objects particle-like attributes 

- One uses "detectors" which do not obey the laws of physics 

• The Uncertainty Principle : This has significance only if one refuses to 
give up the notions of particles 

• Quantum Chaos : The Schrodinger equation is linear; there is no chaos 
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A Valid Picture of Quantum Mechanics 

1. Solve a Boundary Value Problem which is mathematical, rigorous, and 
has a unique solution 

NOTE: After step 1) absolutely nothing happens! 

2. Make a Measurement 

• A measurement involves a very large number of complicated elements 

• The minimum, simplest element is a graduate student with lab note- 
book 

• A system with many elements is sensitive to small perturbations 

• No system is totally isolated (no shield for gravity waves); there are 
always small perturbations 

• The best one can do is use the results of 1) to calculate the probable 
outcome of a measurement ( John von Neumann ) 

• Reference:  Zurek, Phys. Today, Oct.   1991, "Decoherence and the 
Transition from Quantum to Classical" 

8 

Setup for Quantum Mechanics Classical Mechanics 

Newton's Law 

Linear Momentum 

Angular Momentum 

Kinetic Energy 

Potential Energy 

Conservation of Energy 

F = ma = dp/dt 

p = mv 

L = fxp 

T = —mv2- 
2 

V= IF-dr 

T + V = Constant 
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Classical Mechanics, continued 

Electrodynamics 

Scalar and Vector Potential 

E&M Force Potential 

F = q E + i(*xB) 

E = -V4> 
IdA 

c dt 

B = V XÄ 

U = q<j>-lA-v 
c 

_    dU      ddU 

dx     dt dvx 

10 

Classical Mechanics, continued 

Generalized Coordinates 

Because of constraints, N < 3M 

n. = n (91 • • • qN, t) 

TM = rM(qi ■ ■ -qN,t) 

Velocity Dependent Potentials U(qi-- -qN,qi •■ -CIN) 

Lagrangian 

Lagrange's Equations 

L = T-U = L(ququt) 

£fdL\ 
dt \dcuJ 

8L 

dqi 
= 0 

Note that the first term is second order. 
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Classical Mechanics, continued 

dL 

dqj 
Generalized Momenta 

Example: Charge in magnetic field px = mi -f -Ax 
c 

The Hamiltonian H(qi,Pi,t) =^qjVj - L 

j 

Example: Charge in magnetic field        H — — (p - -Ä)   + q<f> 
1m V       c   / 

Hamilton's Equations q{ = ~ 
dpi 

dH 

oqi 

NOTE: There are twice as many equations, but they are first order. 

Classical Mechanics, continued 

Conservation  Laws:   Suppose,  perhaps because of some symmetry, the 
Hamiltonian does not depend on some qj. Then 

dH     n Pj = —r— = 0 -» pj = constant 

In particular, if L dosen't depend explicitly on time, then H = constant. 

If the transformtions defining the generalized coordinates do not depend ex- 
plicitly on time, and the potential energy is velocity independent (conservative 
forces) then 

H = T + V = Total Energy 
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Vector Spaces and Function Spaces 

tx.y.*) 

Functions 

Inner Product 

Orthogonality 

Unit Vectors 

Operators 

Matrix Representation 

Expectation Value 

Commutator 

A = HiAiXi,     Inner Product:   A • B = HiAiBi 

i>A (x) = e-¥ (8a;3 - 12x) 

<*I>A\TI>B >=  / TPA (x) *1>B (z) P (z) dx 

<I]>A\TI>B>=0 

< fa | $j >= Sij 

| ijj'A >= P\ipA>        Example:    P = 

Pij =<fa\P\ i>i > 

< P >=< T!>A\P\^A> 

[P,Q] = PQ-QP 

dx 

Quantum Mechanics Formal Theory 

• At a time t0, the state (given a label  "A") of a quantum mechanical 
system is given by a point in a linear vector space: VA (<O) • 

• The state is normalized at all times: < Vu (t) | T\>A (*) >= 1- 

• There exists a time translation generator (linear operator) T(i,to) such 
that 

rt>A(t) = T(t,to)il>A(to) 

•  Define an operator H (t) such that T(t + dt,t) = l- iH (t) dt/Tt. 

Since V (* + dt) = V (*) + (dip/dt) dt, then 

at 
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Formal Theory of Quantum Mechanics, continued 

Consider the dynamics of the expectation value of an operator P : 

i<p>=i<*W\pWW>=<*W\r^> + <^\P1>(t)> 

=< 1KOI P^Kt) > - < ^(o | Pi,{t) >= 4 < [PH] > 

• The Correspondence Principle 

n™in < fP'^ >= "^p wnere JPC is the classical quantity 

If   p=*      JSls«".*i>=* = ^ 

These conditions can be satisfied if we let H be the classical Hamiltonian, 
but with the $ and Pi replaced with operators satisfying 

[<H,qj] = 0,   \pi,pj] = 0, but     [qilPj] = ihSij 

Formal Theory of Quantum Mechanics, continued 

There is more than one way to define the qi and Pi operators. 

Coordinate Representation qi ->. qi,        Pi _>. -iK— 
dqi 

Momentum Representation Pi -> Pi, qi _> {ft— 
dPi 

Heisenberg Representation qi, Pi    ->    Matrices 

Example:        [x,Px] f (x) = x (-^) f (*) - (~^) xf (*) 

= -xiK-± + ihf (x) + iTixJ- = %hf (x) ox dx 

In 3-D coordinate representation:        p2/2m = -—V2 

1m 
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Formal Theory of Quantum Mechanics, continued 

Suppose    H = T + V = -f— + V(r,t) 
1m 

Then we get the Schrodinger Equation: 

7i2    ~ SU/ 
HMf (?, 0 = -^-V2vl/ (f, t) + V (f, 0 vj/ (f, t) = th— 

2m at 

Suppose V (r, t) = V(f). Separate variables: M/ (f,t)=tp(r) er™1. 

Then we get the Time-independent Schrodinger Equation: 

- |-V2^ (0 + V (f) i, (f) = E^ (f) 
2m 

where E = ~hw. For closed systems E will be a discrete eigenvalue, or Quan- 
tized Energy Level. The eigenfunction tp (f) is called a Stationary State. 
The eigenfunction for the lowest E is called the Ground State. Discrete 
eigenvalues are labeled with integers called Quantum Numbers. 

Examples One-Dimensional Free Particle 

Free particle:        V = 0  % = Eip,   E = Tiu 
2m dx2 

d2^ 
+ k2i> = 0, k = -\/2mE 

dx2   '      * Ti 

Note classical momentum p = V2mE -+ p = 7ifc. 

Solutions Hf (x, i) = Äei(-kx~ut) 

Waves of wavelength A = 2ir/k = h/p and frequency u — u/2ir = E/h (de 
Broglie!). 

Note: u = E/Ji = (h/2m) k2 = u> (k) -+ Dispersion 

For a common acoustics wave, w = cok, Linear Dispersion 

Dispersion is a fundamental difference between free particle Schrodinger waves 
and common acoustic waves. 
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Wave Velocities and Dispersion 

For W (x, t) = Äe^1-"*),   (kx -wt) = <f> is called the phase. 

What is the relationship between x and t such the phase <f> is constant? 

, dw dx 
<p = constant -* — = 0 = k w 

dt dt 

Solving: (dx/dt) = w/k — vp„the Phase Velocity. 

Suppose xj/ (x, t) = cos (kx - ut) -f cos [(Jfc -f Afc) x - (w + Aw) t) 

= 2cos- (Afcx - Arf) cos (fcx - wf) = envelope x carrierwave 

; o 

» 

20 

The envelope moves with velocity Aw/Afc -> du/dk = us, the Group Velocity. 
For linear dispersion, vg = vp. Otherwise, vg ^ vp. 

Wave Superposition and Wave Packets 

The General Solution is a linear combination (superposition) of eigenfunc- 
tions 

vj/ (x, i) = f Ä (k) jfc-vWIdk 

Suppose Ä(k)  is peaked  around 
fco, as shown in the figure: 

u> 
-■ 

u - 

0* - 

04 

02 

i     i     i     r*>—i 
0 

ko 

Note that M/(x,< = 0) is the Fourier Transform of Ä(fc), which is a wave 
packet: 
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Wave Packets, continued 

From a theorem for Fourier Transforms, the product of the width of the curve 
in fc -space and the width of the envelope in x -space is a constant. If the 
curve in fc -space is a Gaussian, exp [- (fc - k0)

2 /2], then the envelope in x 
-space is also a Gaussian, and the product of the widths is minimized. 

Recall that Ä(k) is peaked at k0. Let K = k - kQ. Then 

vi/ (x, t = 0) =  IÄ (kyeikxdk = eik°x IÄ (fco + K) eiKXdn 

For times t > 0, we approximate u (k) near fc0 with u (k) ~ w0 + (dw/dk) K = 
^o + vgK. Then 

VU («,t) = eik°x [ Ä (fc0 + ic) e^-'^W 

~ e*(*ö«.-«-.)tc.-fcb(x-v)  /ä (fco + K) e^-^dK 

~ e^^-^U/[(x - V),0] 

Taking the modulus eliminates the phase factor, leaving the original envelope 
of the wave packet evaluated at (x - Vgt), i.e. moving with the group velocity. 
With non-linear dispersion, the wavenumbers higher and lower than fc0 move 
with different velocities, causing the wave packet to spread. 

22 
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Examples Piecewise Constant Potentials 

Piecewise constant potential: V (x) = K = constant for x,< x < xi+i 

~h2 d2ib 
For   x,<x<xi+i,       -- ^ + V^ip = Eip,   E = ~hu 

2m dx2 

dx2 + kfi> = 0, h = -y/2m (E - V5) 
n 

Solutions: M/ (x,t) = ÄiJ^*-^ + Bie^-k'x-ut) 

Note that in some regions, E may be less than Vit and la will be imaginary. 
Solutions of the form i}){x) <xe~KX are called Evanescent Waves. 

The coefficients Äi and J9,- are found by satisfying the conditions that VOO 
and its derivative dip/dx be continuous at boundaries. 

Satisfying all boundary conditions may result in solutions existing only for 
discrete values E, which are the quantized energy levels. 

24 

Examples step Potential 

V(x) = 0- 
* = 0 

-E 
■V(x) = V0 

On the left: 

On the right: 

$ (x) = eikx + Re~ikx,       k = -V2mE 
n 

rf> (x) = feiqx, q = -x/2m(E-V0) 
n 

Equating the V and the dip/dx from the left and right gives two equations, 
which are solved for the two unknowns R and f, the Complex Reflection 
and Transmission Coefficients. 

£ = (*-«)/(* + ?) f = 2kI (k + q) 

If E > Vo, then there are waves on both sides, but with different wavelengths. 
If a wavepacket were incident, part would be reflected, and part transmitted. 

187 



25 

26 

Step Potential, continued 

E- 

V(x) = 0 - 

V(x) = V0 

E 

x = 0 

If E < Vo, then q -* iq, and the solution on the right becomes an exponentially 
decreasing evanescent wave. 

The R and "T become more complicated complex numbers, but | R |2, the 
energy reflection coefficient, would be unity. 

If a wavepacket were Incident, the superimposed waves with E > Vo would be 
completely reflected. 
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Sqi 

f 
c 

UJ 

0 

ff— 

1 Examples •are Barrier Potential 

On the left: 

In the middle: 

On the right: 

If    a = in. 

x«0                 x»o 

V>» = e** + Re~ikx, 

i> (x) = Eeiqx + Fe~iqx, 

ip (x) = feikx 

-i (k2 + K2) sinh (ga) 

k = y/2mE/Ti 

q = yjlm (E - 

•V —    off 

- Vo)/fi 

2kn COSh (qa) -i(k2 - /c2) sinh (qa)' 

28 
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36 

Examples Square Well Potential, E < V0 (Bound States) 

f 
« 

x** — alZ    x«0     X"af2 

On the left: 

In the middle: 

On the right: 

i> (x) = Äe™,       K = yjlm (Vb - E)/Tt 

i>(x) = Bcoskx-\-Cs\x\kx,    k = V2mE/Ti 

i> (x) = /Je""* 

The boundary conditions require either C = 0 and Jfctan (ka/2) = K, or B = 0 
and k cot (ka/2) = —K. These two possibilities correspond to symmetric and 
anti-symmetric bound states. 

The transcendental equations yield a finite number of discrete values for the 
energy levels E. 

If Vb -» oo, then the eigenfunction V must vanish at x = ±a/2 (the derivative 
dip/dx will be discontinuous). The eigenfunctions are the same as a string 
clamped at the ends, with fc oc n, an integer. However, the string natural 
frequencies are proportional to n, whereas the quantum energy levels are 
proportional to n2. 

Square Well Potential, E < V0 (Bound States), continued 

V»(JC) vs. X 

M 
IÖI 

+Ü 

For finite Vb, the eigenfunctions are shown with dashed lines, and the energy 
levels are shown in (a). 

For infinite V0, the eigenfunctions are shown with solid lines, and the energy 
levels are shown in (b). 
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Examples The Simple Harmonic Oscillator Potential 

The Simple Harmonic Oscillator Potential:     V (x) = -Kx2 = -mu>2x2 

where K is the spring constant, m is the mass, and u0 is the classical oscilla- 
tor's natural frequency. 

The Schrodinger Eq. fi2d2rf> t 1     , , 

Let y = ^/muo/n x and let V (*) = exp (-y2/2) A(y). Then 

d2h        dh , ^ / E      1\ 
— - 2y— + 2 )h(y) = 0 
<*y2       dy       VÄwo    2/   w 

If a series solution for h (y) is tried, then the series diverges unless (Efhu>0 - 1/2) 
n, an integer. Thus the energy levels are quantized with 

En = ( n + — ) TIWQ 

The eigenfunctions hn (y) are the Hermite Polynomials. 

The Quantum Mechanical Simple Harmonic Oscillator, continued 

Normalized Wavefunctions: 

■\/Tnu>o/7i7r\ 
Wn(x,t) = 

2nn\ 
hn (ymuo/li x) e-i™*/*)*/2 

hs (y) = 8y3 - 12y 

hi (y) = Ay2 - 2 

hi (y) = 1y 

ho (y) = 1 

7ÜW/2 

5hu>/2 

3Hu/2 

fiw/2 
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45 

The Quantum Mechanical Simple Harmonic Oscillator, continued 

For a classical simple harmonic oscillator, x(i) = Acos(wot), and the total 
energy is E = (1/2) mA0

2. 

Classical result:       x(t) = \J2E/mu)l cos (wot) 

Quantum Expectation Value for state  M/„(x,t):        < M>„ | x | Mrn >= o 

Measurement couples states:    Mr (x, t) = \|/n (x, t) + vj/n+1 (X) t) 

Now    < Mr | a | \|/ >=< \|/n | x | v|/n+1 > + < A|/n+1 | * | x|/n > 

= 2Re < Mrn | x | vj/n+1 > 

= 2Äe J (i>n (x) c-'^+O^'s (Vn+i (*) e-'^+D-1) da; 

= 2ße / Vn (x) x^>n+1 (x) dxe-""0' 

= 2Rey/n1i/2mujoe-i"°t 

= \j2nTuoo/mu)Q COS (u>ot) ^ ■J2E/mujQ cos (wot) 

46 

Example Central Forces 

Spherical Coordinates 

dr        rdO        rsinöö^ 

v=4^41+i 2 Or r*or dr SI 

1    d f■   nd\ 
\Te delude) + -+-*- 

s\n2ed4>2 

Conservative Central Force: F = Ff       ->       V (r) = V(r) 

Classical consequences for angular momentum, L = rxp. 

—►       L = constant 
dL 
—=f=fxF=0 
dt 
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Central Force, continued 

Quantum Mechanics: Hip = -—- V2V> -f- V (r) V = Ei> 
2m 

7i2 1 d ( 2dip 
2m r2 9r 

( 2 W   ,     S2    f   1    9/.   J\ 1 
lr^J+2^lsi^^(S,n^J+s^ 

1     d2 

20d^2 + V(r)if, = Eil> 

Separate variables: rk(r,e,<t>) = (l/r)fi(r)0(«)O(^). Plug-in and divide: 

ld2<X> 

0 cta2" = Fn ^r' ^ = constant = -m  -*       * 0£) = e'm* 

Single valued V 0, 6, <f> + 2TT) = ^ (r, 0, <£) -»• m = 0, ±1, ±2, ±3 - -• 

1      d d©\ 
—   sin 0—    - m 

Gsin0d0 V"-" «wj " ün^ö = Fn(r) = constant = -'('+ 1) 

Solution: Legendre Polynomial, O(0) = ifl(cos0) and / = integer <| m 

Im dr2 + 
Imr2 + K(r) R = ER 

48 

Central Force, continued 

Combine 0,0:       y-(*,<j,) = J2Z + Xff ~m); (_i)«e^P,m(cos0) 
y    47T    (J4-m)! '   v y 

Quantum Angular Momentum L = rxf= -in? xV = Lxx + LyyLzz. 

Lx = -in (y£ - z|.) = « (sin ^ | + cot0cos*A) 

V dy   ydx)      xnd<f> 

Note: L2 = -7i2 *   *    a ( •   *d\  stn0— 
sm6dd\       de) 

n2 l a id* 

2mr2Ör V     dr J T 2mr2 

sin 

L2 

+ 1     ö2 

sin20d<£2 

+ V(r) 

Note [ff, L2] = 0,   [H, L2] = 0       -*      < Z2 > = const, and < L, > = const. 

Note L2Yt
m (0,<f>) = l (l + 1) A2*™ (0, 0) and LZY™ (0, 0) = mÄY™ (0, # 

Expected modulus of Angular Momentum: L = V< L2 > = \A(* + ±)n 
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Example      Coulomb Central Force: V (r) = (Ze) e/r. 

Ti2d2R 

2m dr2 + i(i + i)tf 
2mr2 + V(r) R=-ER 

-R(r) = e *"r(2knr)lGn (2fc„r), Laguerre Polynomials 

1   /^    „ „        mZ2e4 

fc„ = -V2m£„,       En = —~T- 
n 2Sn2 ,n = 1,2,3,- • 

For a given n :   Z = 0,1,2 • • • (n - 1); m = -Z, -Z + 1, • • -l - 1,1, [ (21 + 1) 
values] 

Historical nomenclature: Z = 0,1,2,3 are referred to as "s, p, d, f" states. 

Energy eigenvalue En depends only on n. Eigenfunctions for different l,m are 
^degenerate. Number of degenerate states = H?'* (21 + 1) = n2. 

Arbitrary z-direction not a problem, because sum over degenerate states is 
isotropic. 

50 

Coulomb Central Force, continued 

5K 

0 5 10 IS 20 Ö 

53*" 
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Quantum Mechanics        History and Formal Theory, continued 

Stern-Gerlach Experiment (1922) Electron in a inhomogeneous mag- 
netic field 

Deflection —> magnetic moment -*• charge with angular momentum. But 
atoms in ground state had I = 0 -» electron's orbital angular momentum = 
0! 

•  Dirac (1927) Extended formal Hamiltonian theory to include relativistic 
dynamics -> Electron has intrinsic angular momentum, Spin 

Spin angular momentum: | S |= y/s (s + l)7i, with s = 1/2. Note 2s + 1 = 2. 

Z-component of electron spin:       Sz = mji,   m3 = — or + - 

Now: Quantum numbers for the single electron atom: n,l,m,ms 

Wave function gets a two-element vector ( Spinor ) attached. Spin operators 
are 2x2 matrices (linear combination of four Pauli spin matrices ). 

52 

Quantum Mechanics        Formal Theory, continued 

For systems with many particles, there are generalized coordinates (and op- 
erators) for each particle. 

For classical identical particles, the particles may be distinguished by following 
their (precise) classical trajectories. 

In quantum mechanics, particles are waves, and the Principle of Superposition 
means that identical quantum particles are Indistinguishable 

Note: Any complete set of dynamical variables (or quantum numbers) K 
which describes a single particle can also be employed for n particles of the 
same kind, even if the particles are interacting. 

Consequence: v|/ (//particles) involves products | K\ >| Ki > ■ ■ ■ \ KM > 

Since the particles are indistinguishable, exchanging any pair of \ K >'s must 
give the same result ( Exchange Degeneracy ). There are only two forms 
for M/ for which | W |2 is invariate under any exchange. Let P indicate one of 
N\ permutations. Then: 

vj/s 

VA 

YJ\Kx>\K2> 
p 

\KN> 

}^ap\K1>\K7>---\KN> 
p 

where ap = 1 for even permutations, and = -1 for odd permutations. 
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Formal Theory, Identical Particles, continued 

Note: M/5 (• • Ki ■ -Kj • -) = M/5 (• • Kj ■ -Ki ■ •) 

and WA (• • Ki ■ -Kj ■ •) = -VA (■ • Kj ■ -K{ ■ •) . 

Note: vj/A = o if any two particles have the same K. 

• History: Pauli Exclusion Principle (1925). [From experimental obser- 
vations on multi-electron atoms] There can never be one electron in the 
same quantum state. 

Consequence: Electrons must have anti-symmetric wave functions, WA 

Generalization: Particles with half-integral spin quantum numbers must have 
antisymmetric wave functions; such particles are called Fermions . Particles 
with integral spin quantum numbers must have symmetric wave functions; 
such particles are called Bosons . 

Thermodynamic Distribution functions: 

Fermi Statistics fF (E) = e,E_li))kT + 1 

Bose Statistics /ß(ß) = ^_J__ 

Perturbation Theory |      Time Independent Potential Fields, V (r) 

Suppose one can solve H0ip° = E°ip° 

Wish to solve (H0 + V)ij>n = En^n. For small V : 

s„ ^n°+ < tf m tf > + E '< «g'v' t°>|2 + ■ 

^s+E<yi<>,o+„. 

If degeneracy (£° = E%) then diagonalize matrix. 

Variational Method: 

Hipo = Eotpo is equivalent to finding the V which minimizes 

SH _ < V> 1 H 1 j> > 
<ip\ip> 

Write a V with parameters, and minimize SH with respect to the parameters. 
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Perturbation Theory] Time Evolution (V may depend on time) 

Wish to solve (if0 + V) M/ = i7i (dW/dt) 

if      Ho*2 = **.*2, then ^°(t) = ECne"""t^ 
n 

Assume V (t) = ]T c (t) e^-ty^ 
n 

Plug in: p. = A. V < </>fc° I V | tf° > W^ 
n 

Assume cs (t = -oo) = 1, and ck (t = -oo) = 0 : 

ck (t) = ±-f   <*l\V\1?n> ce-^-Vdt' 

Example:  EM Radiation A=  /    Ä(<v) ei(.k'F~w^du 
J — oo 

2m \       c   / 2m     mc 2mc 2mc^ 

2m     mc 

ÜJ = CJfc — CJS   —> Resonance . < V° I V | i/>° >= 0 ->• Selection Rules 
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"What led you to the mathematics of chaos, Dr. Maynard?" 

Does Nonlinearity Weaken      iderson Localization? 

Reference: 

1. P. Devillard and B. Souillard, J. Stat. Phys. 43, 423 (1986) 
Fixed output t, find t/r decays as power law for strong nonlinearity 

2. B. Doucot and R. Raramal, Europhysics Lett. 3, 969 (1987) 
Fixed output: power law decay - Fixed input: exponential decay 

3. C. Albanese and J. Fröhlich, Commun.   Math. Phys. 116, 475 (1988) 
Rigorous theorem: Eigenstates of NLS   eq. remain localized 

4. Q. Li, C. M. Soukoulis St Pnevmatikos, and E. N. Economou   Phvs 
Rev. B 28. 11888 (1988) '     y 

A soliton can force its way through a binary alloy 

5. A. Soffer and M. I. Weinstein, Cömmun. Math. Phys. 
Same as 3. 

6. R. Bourbonnais and R. Maynard, Phys. Rev. Lett. 64, 1397 (1990) 
Superpositions of localized states spread due to nonlinearity 

7. Yu. S. Kivshar, S. A. Gredeskul, A. Sanchez, and L. Vazquez  Phvs 
Rev. Lett. 64, 1693 (1990) H     '      y 

Same as 4, but only for sufficiently strong soliton 

8. R. Scharf and A. R. Bishop, "Nonlinearity with Disorder", ed. F. 
Abdullaey, A. R. Bishop, and S. Pneuvmatikos (Springer, Berlin, 1992) 
The nonlinear Schrodinger equation on a disordered chain 
Numerical results; same as 7 
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Features of RUS H 
I 

©Provides the highest absolute accuracy of any routine elastic modul 
measurement technique. 

us 

©Determines the full ANISOTROPIC elastic tensor in a single measurement. 

©Can handle the smallest samples of any technique-this minimizes sample prep 
problems as well as errors introduced by radioactive heating. 

©LANL is the lead laboratory in the world In the development and use of RUS. 
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[TR-17] 

RUS sees, simultaneously, the collapse of one shear modulus and no 

effect on the other in a 2mm single crystal of La2.K5rxCu04 at the 

structural phase transition near 223K. 
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Rus is a mature, fully 

commercialized technique, now in its 

second hardware generation-which 

includes full phase sensitivity to 

enhance sharpness 
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How well doee RUS do? 
f in MHZ 
mode f(measured) f(fit) %err wt k i 

1 0.340010 0.339508 •0.15 C .00 4 1 
2 0.447200 0.447009 •0.04 1 .00 6 2 3 0.490240 0.490304 0.01 1 .00 7 2 
4 0.541860 0.541385 -0.09 1 .00 3 2 5 0.557460 0.556670 -0.14 1 .00 4 2 
6 0.591740 0.592201 0.08 1 .00 5 1 
7 0.608670 0.608409 -0.04 1 .00 6 3 
8 0.615590 0.615232 -0.06 1 .00 2 2 
9 0.623100 0.622549 -0.09 1 .00 8 2 

10 0.642700 0.642863 0.03 1 .00 1 2 
11 0.675510 0.676327 0.12 1 .00 5 2 12 0.683560 0.683290 -0.04 1 .00 8 3 
13 0.690650 0.690379 -0.04 1 .00 2 3 14 0.746720 . 0.747308 0.08 1 .00 5 3 15 0.753860 0.754061 0.03 1 .00 8 4 
16 0.827430 0.827516 0.01 1 00 7 3 
17 0.848300 0.849020 0.08 1 00 1 3 
18 0.855320 0.854900 -0.05 1 00 4 3 19 0.870540 0.870830 0.03 1 00 6 4 
20 0.878390 0.878949 0.06 1 00 3 3 21 0.882080 0.881934 -0.02 1 00 5 4 22 0.884870 0.884495 0.04 1 00 1 4 23 0.887380 0.887736 0.04 1. 00 7 4 24 0.891190 0.891837 0.07 1. 00 2 4 

rms error= 0.0653 <k 

df/dc,, 
0.00  1.00 
0.13 0.87 
0.16 0.84 
0.02 0.98 
0.00  1.00 
0.05 0.95 
0.30 0.70 
0.02 0.98 
0.07 0.93 
0.12 0.88 
0.10 0.90 
0.05 0.95 
0.16 0.84 
0.10 0.90 
0.05 0.95 
0.06 0.94 
0.03 0.97 
0.08 0.92 
0.12 0.88 
0.11  0.89 
0.33 0.67 
0.21  0.79 
0.20 0.80 
0.04 0.96 

5120 Steel 

Fine grained martensitic 
steel 

free moduli are    c11,  c44 
units:  I012dyn/cm2 

mass=0.2875 gm 
0.412 x 0.340 x 0.264 cm 
P= 7.785 gm/cc 
C11=2.7187 +   .19% 
C44=0.8148  ±.02% 

I 

3 °° 

51? 
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T3 

c„ (GPa) 
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8 - 
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pa 
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K.Ü5 eeee, simultaneously, the collapse of one shear modulus and no 
effect on the other in a 2mm single crystal of La2.x5rxCu04 at the 
structural phase transition near 223K. 
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[TR-76] 

■"i\v/f-cn»*e-a 

Stability 
Range, 

Phase °c 

Table 3.1-CRYSTAL STRUCTURE DATA FOR PLUTONIUM? 

Space Lattice 
and Space Group 

Unit Cell 
Dimensions, 

A 
Below ■ 115     Simple monoclinic 

•P2,/m 

-115 - ~200 Body-centered 
monoclinic 

/2/mt 

©21°C: 
6.183 i 0.001 
4.822 i 0.001 

10.963 i 0.001 
101.79° ± 0.01° 

@190°C: 
9.284 i 0.003 

10.463 ± 0.004 
7.859 ± 0.003 

92.13° ± 0.03° 
~200 - 310 Face-centered 

orthohombic 
Fddd 

@235°C: 
3.159 ± 0.001 
5.768 ± 0.001 

10.162 ± 0.002 
310 - 452 Face-centered 

cubic 
Fm3'm 

a=      4.6371 ± 0.0004 

452 - 480 Body-centered 
tetragonal 
/4/mmm 

480 - 640 

@465°C: 
3.34 ± 0.01 
4.44 ± 0.04 

Body-centered 
cubic 
ImZm 

i°C: 
3.6361 ± 0.0004 

Atoms per 
Unit 
Cell 

16 

X-ray 
Density, 
g/cms 

19.86 

16.00 

16.51 

Refer- 
ence 

17.70 8 

17.14 9 

15.92 10 

' FTEXe'aActaCreynstand16- ?ÄT W'H W' ,"!   ^i'963'' W" * ^"^ ™* B.    asi fiolci    A"*^ry"-.i   »6- JO» (1963),  W. H. Zachariasen and F. H. Elllneer    Acta Crvst 
t A»hTJ     ?' ,°,m/ F- "■ EUinger' AIMETrMMPtmn.   206:   1256 (1956) T~ ' 

utonff C?y"£oZiZmiL7\r « fi"«™»«"'^' B-ups tabulated'in the International 
n°     lS   £IS   lü g^M Tables for X-ray Crystallography   Vol. 1.  Kynock Press. 

t See Chafer 5. '        "°n '* retained to obtain a 0-angle of approximately 90°. 

[TR-77] 

Pu has the largest shear-wave anisotropy of any FCC metal. This 
can produce distortions, warping and aging effects stronger than 
expected for other metals- 

ELASTIC PROPERTIES OF FACE-CENTERED-CUBIC 
PLUTONIUM* 

H. M. LEDBETTER 
Qcpt™* Di.iiion. Imittii« b. Buk SunoVoU. Nilion»l Bi»ci ol SonoMv B^l&,. CO »0301 USA 

tni 

R. L. MOMEVT 
Roekwdl Imeratiionit Rocky Flm Mini. Golden. CO 10401. VSA 

IRrctivtd 22 Drcmtftr 1975) 

!•* I. Eiprnmcnul »und vtlodiici and tbnk cooiuim Jo, i pwi i  « r- . 
 «««.-. A~™ ,V2.' (Pcol!pL«\Ga ''n,',"""" ,,"oc"i" ■*-» 

Loofnudnul »tlocily: 
Irani«ne vdoci.tci: 

Ettitie itirTncim: 

», - 102S4 i 0.00J2 « 10'rm/i 
„„- 1.460« + 0.003 J» 10'cm'i 
e„ - 0.S674 ± 0.0009 - lO'cm/j 

c -1(C,, -C,Jl-0.<Jli0.0]2» l0"N'm' 
C,, - 3.628 z 0.0)4 . |0"N/m- 

,     „. C„-2.S7J! 0.027. lO'-N/m' 
» - *C,, + 2C„) - 2.991 ± 0.0)0 . 10" N/m' 

* - c^/r - im uricr Ztntn 
-(   - XA.lfKXA.lt . 25^J . )>.):. (j,„ c,™t Bom™, 

The shear anisotropy in 8- 
stabilized    Pu    at    room 

temperature is 7:1, and only 
one measurement of it has 
ever been made 
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Pu structure-alternate view 
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RUS has important applications to nondestructive testing for 
quality control in industry and government. 
First launch of the Trident II SLBM 

00 
I 

NOT LIKE THIS 
(from The Economist) 

Resonances can be used to determine 
manufacturing flaws. Below is shown a 
spectrum taken from a Si3N4 ball bearing 
used in the space shuttle. The error in 
roundness causes two degenerate 
resonances to split. The splitting 
determines the error in roundness. 

0 5 

« 
E 
3   0 3 
n 
to 
«f 

"§  0.2 

Ö. 
E 
<   01 

700 ppm 

S 

887250 887750 

Frequency(Hz) 

267 



ACOUSTIC RESONATORS AND THE PROPERTIES OF GASES 

Michael Moldover 
National Institute of Standards and Technology 

Gaithersburg 
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Examples of Primary Thermometers 

Dilute Gas ,K = +£ + 
(equation of state) •«*   —        y 

Dilute Gas M* . clBr.,, 
(speed of sound)       ^   " 7^r(I * 'V ♦ • • - 

Acoustic Gas Thermometry 

dilute monatomic gas 

«F   -   2 

K»   x/ 

HH 
r„ 273.16 K ci(r , 

Resonance Method 

*. - 
3wc' 
5    T 
3Mc* 

'■"A-f, 

length 

lime 

V     x/x eigenvalue 

■(f)' 

Black Body Radiation     /> .        „> 
(power/area* J = ^   « J^jjT 

Johnson Noise              „ _ <v*> 
(power)          —            = ~7~ -■ojvy 

Dipole in Field               E =  - j . 
(energy) +'(#)-(§) 
«/i/fVfe  ntonah^/c    jit 7^ =Z7S.Ht)€Ht 
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RAOIAL   RESONANCES  IN A   sPtiERt 

bEUliTY     (UO   VISCOUS    DAMrw^, 

*70T      teNSITfve     TO      SM/\U_   PRIORS 

zu   COVSTRVCT/O» -   w©*-o£<?e-*,fAAre 

Hooei 

Figure 5. Crass-section of resonator and pressure vessel Tl 
transducer assemblies are indicated by ~T,~ and the locations 
the capsule thermometers are indicated by "PRT." 
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Simplest Theory 

Rigid spherical shell, ignore temperature 

V 
J      -    nth iphericml Benel f««ctioo 

da ' c 

-Ml 

^ 

(Rayleigh) 

; = 9 of root; / = 0,1,2,... 
n = f of Bessel fuctioa; n = 0,1,2,. 

Pesh^(xf>^   r4^5 
From Morse and Ingard, Eq. (9.4.14); (V is the velocity potential) 

Af-ig   = IC    s 

4n 

f<(rsmr^dS 

■ prjLiW 

For the thermal boundary layer 

M, ß,=(1+/)"(Y-1)ö, 
c 

Upon integrating the bessel functions, you get the "right" answer: 

g      (Y-1)5, 1 

f 2a       1-rt(n + 1)/Z, 

Heat Flow Between Gas and Shell 

^L^-'^M 

Note:      DT 

i-l+i 

pCr 

)fe',.xl.i|^ 

Note: ß, has equal real and imaginary parts; ttierefore 
frequency decrease -Af = g 

One may write down ß's for viscous'boundary layer, ducts, elastic 
response of shell, etc. (for radial and for non-radial modes) 

v^-VlVferiV.^ 
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FIG. 9. Measured resonance frequencies minus calculated frequencies 
(scaled by lOVfrequency) for (0^) modes. Here, the calculation includes 
the effect of the thermal boundary layer and holes in the resonator; how- 
ever, the calculation omits the effect of shell motion. The linear dependence 
of A ///on pressure is a result of shell motion. The slopes depend upon the 
proximity of the gas resonances to the shell breathing resonance near 20.2 
kHz. t J\ 

A 

10 000 20 000 

Frequency(Hz) 

FIG. 11. Response of the shell to radially symmetric excitation as a function 
of frequency. The points are the average slopes of the curves in Fig. 9. The 
curve is calculated for an isotropic seamless shell using the theory of elasti- 
city and the elastic constants tabulated for aluminum (see Table V). The 
idealized shell has a breathing resonance near 20.2 kHz. 

4 

13 13.2 13.4 

FREQUENCY (kHz) 

13.6 

Figure 7. Perturbations to the frequency and half-width of (0,8) 
mode as a function of frequency, with argon in the resonator at 
100 kPa. The frequency was swept by changing the temperature 
of the resonator, which changes the speed of sound. 
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Table 9. Sensitivity of Co to impurities 

Impurity M 7o 
1 

dx 
(g/mol) in He in Ar 

H, 2 1.4 0.23 0.68 
He 4 5/3 0.9 
H20 18 1.32 -3.93 0.12 
Ne 20 5/3 '-4.0 0.5 
N2 28 1.4 -6.27 0.03 
o2 32 1.4 -7.3 -0.07 
Ar 40 5/3 -9.0 
COj 44 1.4 -10.3 -0.37 
Kr 84 5/3 -20.0 -1.1 
Xe 131 5/3 -31.8 -2.3 
Hg 201 5/3 -49.0 -4.0 

Table 10. Spied of sound ratio determinate 

Ar-A 
Ar-A 
Ar-A 
Ar-40 
Ar-40 
AM0 
Ar-40 
Ar-40 

Comment 

unprocessed 
purified 26 h 
purified 120 h 
purified 240 h 
purified 240 h 

\.c(Ar-M)    V Pressure 
(kPa) 

0.22 115 
0.27 151 
0.35 117 

-191.5" 105 
-184.63 105 
-183.92 131 
-184.35 117 
-184.00 104 

Date 

May 1, 1987 
May 2, 1987 
May 21, 1987 
May 5, 1987 
May 4, 1987 
May 14, 1987 
May 20, 1987 
May 22, 1987 

'^^?^zü^£z,he (0-2Wo-6) modes ^ ™ ^°» '- Cher cases. PPm f<>r thC unProce*ed Ar-40 and about 0.1 ppm for a„ 
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Table I. One-sigma uncertainties (in parts per million) from var- 
ious sources in the redetermination of R 

I     (Volume)2" 
density of mercury at 20 'C 
storage and handling of mercury 
thermal expansion of mercury (0-20 "Q 
random error of volume measurements 0.$f 
corrections from weighing configuration 

to acoustics configuration 
mass of counterweights 

II    Temperature 
random error of calibrations 
temperature gradient 

<06aC; 

C* 

0.10 
0.14 

i 1— 

O 0.3 
a 0.4 
o O.S 
o ols4-to kHz 

8 
© o 

a 

I 0.4 

100 200 300 

PRESSURE (kPal 

o.?/ 
HI M/y0 

Ar-40 standard 

comparison of working gas to Ar-40 

IV Zero-pressure limit of {fo./vo.y 

s.d. or <r0
2 from 70 observations at 14 pressures 

thermal boundary layer correction (0.3% of /) a> 
thermal conductivity) *ATL 

possible error in location of transducers 

Co, 
I 0.4 

Square root of the sum of the squares 

f 
I /°«yy*     löppH       t^ 

r.r±o.<r Tke^     «»«€ 
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Figure 20. Excess half-widths of (0,/t) resonances with argon in 
the resonator scaled by lOVfrequency. &g = measured g minus 
calculated g. 

Figure 21. Excess half-widths of (0,n) resonances with helium 
in the resonator scaled by lOVfrequency. Ag = measured g 
minus calculated g. 
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Figure 8. Relative amplitude of the acoustic pressure as a func- 
tion of frequency in the vicinity of the (0,2) and (0,7) modes. 
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Figure 7. Perturbations to the frequency and half-width of (0.8) 
mode as a function of frequency, with argon in the resonator at 
100 kPa. The frequency was swept by changing the temperature 
of the resonator, which changes the speed of sound. 
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FIG. 16. Measured zero-pressure frequencies minus calculated frequencies 
for the (1,1) modes. The solid symbols represent the zero pressure inter- 
cepts of straight lines fitted to data such as those displayed in Fig. 10. The 
curves are obtained from Eqs. (68) and (69) with the parameters 
e0 = 3.5 X 10-4 and e, = 3.1X10-4. The open symbols are averages of the 
three zero-pressure frequencies for each (l,s) set of modes. These averages 
are also plotted in Fig. 15. 
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FIG. 15. Measured zero-pressure frequencies minus calculated frequencies 
for the (0.J) (solid symbols) and (1^) (open symbols) modes. The sym- 
bols represent the zero pressure intercepts of straight lines fitted to data 
such as those in Figs. 9 and 10. The intercept for the (0,9) mode at 21.4 kHz 
is 254 parts in 10" above the predicted value. The (0,9) mode is close to the 
resonances in the vent hole and coupling duct. 

400 

zoo 
Al 

-200 

- 
^-"~ 12 

—-—^ ''2 

-^-"   '-2 

^-"" 

    1.6 

    1.6 

■        1 

—-—" 

1       1        1       1 III. 
0.5 1 

Pressure (MPa) 
FIG. 10. Measured resonance frequencies minus calculated frequencies 
(scaled by lOVfrequency) for the three components of the (1.2) and (1,6) 
resonances. Here, the calculation includes the effect of the viscous and ther- 
mal boundary layers; however, neither the effects of shell motion nor the 
effects of the holes are included. 
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FIG 12. Elastic response of the shell to excitation with symmetry of 
rlm (0J) as a function of frequency. The points are the average slopes of 
curves such as those shown in Fig. 10. The curve is calculated for an isotrop- 
lc, seamless shell using the theory of elasticity and the elastic constants tabu ■ 
lated for aluminum. The idealized shell has Y,„ resonances at 0 and 24.5 
kHz. 
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Measurement of the ratio of the speed of sound to the speed of light 

James B. Mehl 
Physics Department, University of Delaware, Newark, Delaware 19716 

Michael R. Moldover 
Thermophysics Diuision, National Bureau of Standards. Caithersburg, Maryland 20899 

(Received 2 June 1986) 

Measurements of the resonance frequencies of the acoustic modes and of the microwave modes of 
. «ngle cav.ty can determ.ne u/c, the ratio of the speed of sound of a gas to the speed öS 

!nnr^TU,ren,S "     l™"3'0™ ^ would **™™ the thermodynamic temperature T with' 
unprecedented accuracy. By judicious choices of cavity geometry and resonance moTes  u/c calce 

IhT/d t0
Th

Pan'Pe:mm°R aCCUraCy USing ^^ Wh0S= ■«»*» is *>« only to pam PS 
thousand. These echmoues can also be applied to measurements of the universal eL consent 7 

j-rzri *wou,d a,so •«*•an accurate det— °f <-~--* - 5 
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Determination of Themiodynarnic Temperatures «bore 400 K 

NBS/NtST results for Constant Volume Gas Thermometry by Guildner and 

Edsinger (CVGTI) and Edsinger and Schooley (CVGTZ) are the most 
accurate up to approximately 700 K- 

Above 700 K, spectral radiometry is used to measure the ratio of radiances 
from a reference blackbody and from a blackbody at unknown thermodynamic 
temperature. 

/^e-   Püfit^ 

Problem: There is an unknown cause of error in the CVGT measurements, 

and this error grows as (T^mwiJTMlAJf when radiometry is used to determine 
thermodynamic temperatures at higher temperatures. 
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THERMODYNAMIC  PROPERTIES 

1. Ideal-gas heat-capacity: C°(7) 

2. Virial equation of state: 

p V = RT(i + B(T)p + Cf^/? + D{J)ff * ...) 

Note: Resonance techniques are not recommended 

for liquids because oscillations of container cannot 

cannot be separated from oscillations of fluid 

i 

x x 87kPa 
120 kPa      . 373 K 
297 K 

TIME/hr. 
100 

mmmms 
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Speed of sound data (or CHFt-CFs. 

Pentafluoroethana - refrigerant R125 

Temperature range 0.71 c 77Tt c 1.18 

Deviations of data from u{P,T\ surface. 

RMS deviations are 2x 10* xi/. 

Impurities cause larger systematic errors. 

The surface uses 3 parameters for C*{Ti. 

(ideal-gas heat-capacrtyl. 3 parameters 

for each of the virial coefficients 0(71 and 

C|7) and 2 parameters for D{T\. 

0.2      0.4     0.6      0.8      1.0 
P.MPa 

0.4 ■ 

r> 0.2 

if     0 *    o 

• 

■a ° 
2-0.2 ■ 

<4 
260 320 

T.K 
380 

Ideal gu heat eapacftv of R125. 

Seduced from lite speed of sound data 

through the refetion: 

C,*(7)OT . Uu.'mUi.'. KTt. 

Ä is the universal gas constant: M is the 

molecular weight and „,• is the lero- 

pressure Kmh of irV. 71 

Deviation, „f C.1TVR from a polvnomiat 

o present dau 

• independent spectroscopic 

information (estimatedl 

Calibration with argon; we measure f^/f^^ 

method requires stable resonator, frequency standard, 
and thermometer; however, many errors in calibration 
can be tolerated. 

tolerant of temperature gradients in bath 

example:   propane, temperature range 210 K - 460 K 

("ar^Vo»J2=(/./7p>2 

Mu2 c;<j) 

changes 105% 
changes  16% 

1 

Mu1  - RT 
1 

5 M 

to obtain Cp°(T) to 0.1% requires T    to    0.23 K 

MJMp to    0.0001 

intolerant of impurities, vexing problem with mixtures 

inconsistencies among modes        < 0.0025% 

correlation of u(p,T) < 0.002% r.m.s 

excess half-widths: Ag/f - 0.004% - 0.02%. 
depending upon mode 

compound 
temperature 

range 
K 

pressure 
kPa 

Candidate refrigerants for rapor compression cycles 

SF. 
CF, 
C,F, 
a, 
HBr 
8CI, 
WF, 

number of 
isotherms 

CF.-CHF, R134» 233-340 600 10 
CFa,-CH, RMlb 260 - 315 .70 5 
CHa,-CF, R123 260-335 80 6 
CHFC1-CF,-CI R123a 265-300 50 2 
CHF.-O-CHF, EI34 255 - 327 170 6 
CHF.-O-CHF, EI34 255 - 374 90 8 
CF,-0-CH,-CF, E245 278 - 384 50 5 
CF,-HF-CHF, R236ea 267 - 380 600 8 
CHFa-CF, R124 250-400 900 17 
CHF.-CF, R12S 240-400 1.000 9 
CHF.-CH, R152a 240-400 1.000 9 
CF.-CH, Rl43a 240-400 1.000 9 
CF.-CH.-CF, R236fa 276 - 400 1.000 7 
CHF,-CF,-CH,F R245ca 311 -400 900 5 
CF.-O-CF.H E125 260-400 1.000 13 
1 composition Rl34a/R32/R125 260-400 1.000 12 
CF.-CF.-CF.-CH.F R338mccq 300-400 400 6 

Thermoacoustic Rerrigeration 
5 compositions He/Xe 210-400 1.500 42 

Semiconductor Processing 
230-460                   1.500 16 
300 - 475                   1.500 9 
210 - 475                   1.500 14 

^planned- -fi_j. 

__plaaned 4>r«-^ 
'ejr».) 

planned 
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Methane III 
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TRANSPORT PROPERTIES 

1. Greenspan acoustic viscometer for q: 

hard sphere of diameter a 

(mkBT)xn 

2. Prandtl number machine 
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Loss mechanisms spatially separated in standing waves. 
High thermal losses High thermal losses 
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Orifice cross-sections 
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Greenspan Viscometer 
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1.5 

A winner in the annual Bulwer-Lytton contest for the best bad writing: 

"As a scientist, Throckmorton knew that if he were ever to break wind in 
the sound chamber, he would never hear the end of it." d 8 

.It 
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^^- 
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ii       -i— 

  

CT=1 
^\^ 

0.1 r;/<5. 

Thermoacoustic Area 

Viscous Area 

Thermoacoustic Area 
= Prandtl Number 

ncD 

FIG. 3. A figure of merit giving the ratio of inviscid thermoacoustic heat 
transport to viscous power dissipation, as a function of pin size, in the 
large-pore-size limit. Results for three Prandtl numbers are shown: a= 1; 
(7=0.67, such as for pure monatomic gases; and <r=0.4, such as for dilute 
mixtures of argon or xenon in helium. For small enough pin radius, and 
for small enough Prandtl number, the pin stack is significantly superior to 
parallel plates or circular pores, for which   lim M — 1 for all a. 

yW=^Im[/(f]|l-/v|Vlm[/v] (8) 

of these two quantities as a tentative figure of merit for 
comparison of different stack geometries. We include the 
factor -ja (where a=pc/K is the gas's Prandtl number) 
in M so that when Rh-~ oo for circular pores and parallel 
plates, M— 1 independent of a. 
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[TR-27] 

Fig. 3A.9  A full color acoustic image composed from the three images of 

three primary colors in Fig. 3A.7. 
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Principles  of   Ultrasonic   Force  Microscopy 
Kolosov   and   Yananaka,   1993 
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CABLE 

IM. SalMUicr c, at. /Sml Teclm„l„Ky X(I996) 259-274 

CAVITY FILLED WITH 
NO. 308 GLASS BEAOS 

MICROPHONE 
HEAD 

R». ' Diagram of probe microphone. Insert shows enlarged 
AIR HOLES 

view of the nose cone and microphone element 
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[TR-55] 

Loudspeaker source 

Shallow 
V= 143 m/s 1    kHz 

10 2D 30 40 53 
Distance (cm) 

The 
University of Mississippi 

Loudspeaker source. 
Travel time curve using a 1 kHz tone burst. 
Porous medium is composed of commericially available sandblasting sand 

The signal on probe microphone, in-situ microphones and geophones are 
dominated by the type II P-wave at depths less than about 15 cm. 
The type I P-wave dominates at depths greater than 20 cm. 
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[TR-56] 

Shaker source 

•    Microphone 
K   Gecphone 

Distance (cm) 

The 
University of Mississippi 

Mechanical shaker source. 
Travel time curves using 3 different tone bursts. 

■ No measurements with the probe microphone. 
■ The in-situ microphones and geophones are responding to the same wave. 

• The single slope indicates the presence of only one wave type, i.e. Type I 
P-wave. 

> No dispersion in velocity over this frequency range. 
- The measure velocity is the same as measured at depths greater than 20 cm 

using the loudspeaker source. 
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